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Abstract 


Proton  nuclear  magnetic  resonance  has  been  employed  to  study 
the  binding  of  Na-Acety 1-L-aspart ic  acid  and  Na-Acety 1-L- 
aspartyl-L-glycyl-L-asparty lamide  to  the  series  of  six  lan¬ 
thanide  ions  Dy +  3  through  Lu+ 3 .  Values  for  the  dissociation 
constants  and  the  maximum  lanthan ide- induced  shifts  were  ob¬ 
tained  and  the  shifts  were  separated  into  contact  and  dipo¬ 
lar  terms.  The  results  indicate  the  contact  shifts  in  ’H  NMR 
are  not  always  negligible,  and  that  Yb+3  appears  to  be  the 
best  calcium  analogue  for  structural  studies  which  employ 
lanthan ide- induced  shifts. 

The  binding  of  Ca+2,  La+3,  Gd+3  and  Yb+ 3  to  the  DTNB 
light  chains  of  rabbit  skeletal  myosin  was  studied  using  far 
ultraviolet  circular  dichroism.  The  changes  in  ellipticity 
upon  metal  binding  were  different  for  all  three  lanthanides, 
with  only  lanthanum  displaying  an  effect  which  was  similar 
to  that  shown  by  calcium. 

The  effect  of  Ca+2  binding  on  the  proton  nuclear  mag¬ 
netic  resonance  spectrum  of  brain  specific  SlOOb  calcium 
binding  protein  has  been  examined  at  two  pH  values,  8.5  and 
7.5.  At  pH  8.5,  SlOOb  protein  binds  two  Ca*2  per  monomer 
with  K d  values  of  6  x  10'5  M  and  2  x  10"4  M,  whereas  at  pH 
7.5  the  protein  binds  only  one  Ca+2  per  monomer  with  Kd  2  x 
10"4  M.  In  the  absence  of  Ca+2,  SlOOb  undergoes  a  confor¬ 
mational  change  when  the  protein  is  titrated  from  pH  8.6  to 
6.0.  Addition  of  Ca + 2  perturbed  the  environment  of  tyrosine 
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and  phenylalanine  residues,  and  studies  at  alkaline  pH  and 
high  temperatures  suggest  that  the  protein  is  more  stable  in 
the  presence  of  Ca+2.  The  single  tyrosine  residue  in  the 
protein  ionizes  only  after  the  protein  is  denatured  by  expo¬ 
sure  to  high  pH. 

Proton  nuclear  magnetic  resonance  has  been  employed  to 
study  the  environment  of  several  proton  nuclei  (primarily 
those  arising  from  aromatic  residues)  of  the  porcine  inte¬ 
stinal  calcium  binding  protein.  An  assignment  for  the  single 
tyrosine  (tyr  16)  residue  has  been  made  on  the  basis  of  las¬ 
er  photochemical  induced  dynamic  nuclear  polarization 
(CIDNP)  and  homonuclear  decoupling  experiments.  pH  titration 
studies  have  shown  that  the  tyrosine  pKa  is  unusually  high 
in  the  apo  protein,  and  increases  even  further  upon  the  ad¬ 
dition  of  calcium.  The  observation  of  a  CIDNP  effect  with 
this  single  tyrosine  in  both  the  presence  and  absence  of 
calcium  indicates  that  this  tyrosine  is  solvent  accessible 
and  therefore  exposed  on  the  surface  of  the  molecule.  The 
protein  was  Kd1-Kd2  =  1  x  1  0 "  7  M .  In  the  presence  of  cal¬ 
cium,  the  protein  was  observed  to  bind  one  mole  equivalent 
of  ytterbium  with  a  Kd-Yb+ 3/Kd-Ca+ 2  ^  0.18,  and  the 
lanthanide- induced  shifts  were  very  broad  at  room  tempera¬ 
ture.  The  observed  effects  of  increasing  temperature  and  KC1 
concentration  upon  the  LIS  support, s  the  proposal  that  these 
resonances  were  broadened  due  to  their  close  proximity  to 
the  ytterbium  ion  in  the  metal  binding  sites  of  ICaBP.  Two 
mole  equivalents  of  lutetium  bound  to  the  apo  protein  in  a 


vi 


sequential  manner,  with  Kd t  t  1  0  ~  6  M  and  Kd2  =  2  x  10"4  M. 
The  binding  of  the  second  Lu+ 3  equivalent  had  little  effect 
on  the  proton  nuclear  magnetic  resonance  spectrum,  and  the 
presence  of  excess  Lu+ 3  resulted  in  aggregation. 
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I.  INTRODUCTION 


A.  The  Homologous  Calcium  Binding  Sites  of  Carp  Muscle  Par- 
valbumin  and  the  Calcium  Binding  Proteins. 

Calcium  plays  a  dominant  role  in  the  control  of  many 
biological  processes  (1,2).  There  are  close  to  100  proteins 
which  have  one  or  more  calcium  binding  sites  and  the  effect 
that  calcium  binding  exerts  on  these  proteins  is  specific  to 
the  type  of  protein  involved  (1).  The  calcium  binding  pro¬ 
teins  have  been  loosely  divided  into  the  following  five 
classes  (3); 

1)  Enzymes  which  bind  calcium  in  their  active  site  such 
that  the  metal  ion  is  directly  involved  in  cataly¬ 
sis, 

2)  Enzymes  which  are  activated  by  the  addition  of  cal¬ 
cium  ions, 

3)  Proteins  which  modulate  the  activity  of  other  pro¬ 
teins  and  enzymes  via  calcium  binding, 

4)  Proteins  which  employ  y-carboxy-glutamic  acid  in 
Ca+ 2  coordination,  and 

5)  Proteins  which  bind  calcium  rather  specifically,  but 
for  which  a  physiological  function  has  not  been 
determined . 

X-ray  crystallographic  studies  of  the  calcium  binding 
proteins  (CaBP)  thermolysin  (4),  carp  parvalbumin  (5),  bo¬ 
vine  /3-trypsin  (6),  bovine  pancreatic  phospholipase  A2  (7), 
and  porcine  intestinal  calcium  binding  protein  (ICaBP)(8) 
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have  been  carried  out  and  published  in  the  literature*  The 
structures  of  these  proteins,  despite  their  varied  bio¬ 
logical  functions,  have  several  common  features  (3,9): 

1.)  Only  oxygen  atoms  were  observed  to  be  coordinated  to 
the  metal  ion; 

2)  These  liganding  oxygens  were  contributed  by  either 
the  carboxylic  acid  side  chains  of  aspartic  acid  and 
glutamic  acid  residues,  the  non-ionic  side  chains  of 
asparagine  and  glutamine  residues,  the  hydroxyl 
groups  of  serine  and  threonine,  peptide  backbone 
carbonyl  groups,  or  bound  water  molecules; 

3)  The  preferred  coordination  number  was  6,  with  the 
ligands  in  the  binding  site  adopting  an  octahedral 
geometry  around  the  cation. 

The  discussions  and  experiments  presented  in  the  fol¬ 
lowing  text  will  centre  on  proteins  from  classes  3  and  5. 
Class  3  encompasses  the  so-called  "modulator"  proteins  as 
they  modulate  the  activity  of  other  proteins  and  enzymes. 

The  best  known  examples  of  this  class  are  troponin  C  (TnC) 
and  calmodulin,  and  some  of  their  properties  and  character¬ 
istics  will  be  presented,  although  no  experimental  work  was 
done  on  these  systems  directly.  The  discussion  of  class  5 
proteins  will  include  carp  parvalbumin,  the  DTNB  light  chain 
of  rabbit  skeletal  muscle  (DTNB  LC),  porcine  intestinal  cal¬ 
cium  binding  protein  (iCaBP),  and  bovine  brain  SlOOb 
(SlOOb),  with  all  but  parvalbumin  being  directly  studied  in 
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this  project. 

The  determinations  of  the  primary  sequence  (10)  and  the 
X-ray  crystal  structure  (11)  ,  (Figure  1.1)  of  carp  parv- 
albumin  permitted  a  detailed  analysis  of  its  two  calcium 
binding  sites.  Parvalbumin  has  six  a-helices  which  are  la¬ 
belled  A  through  F.  Both  calcium  binding  sites  are  homolo¬ 
gous  in  their  sequence  and  in  their  three  dimensional  struc¬ 
tures.  Each  binding  site  is  composed  of  a  linear  sequence  of 
30  to  35  amino  acids.  They  can  be  visually  described  as  hav¬ 
ing  a  hel ix-1 oop-hel ix  arrangement  where  two  helices  flank  a 
12  residue  calcium  binding  loop,  as  shown  in  Figure  I.2A.  In 
parvalbumin,  the  two  pairs  of  helices  involved  are  the  CD 
and  EF  helices,  where  the  N-  and  C-terminal  a-helical  re¬ 
gions  are  approximately  perpendicular  to  each  other.  The 
orientation  of  these  two  helices  about  the  binding  site  can 
be  represented  by  the  index  and  thumb  of  the  right  hand,  as 
shown  in  Figure  I.2B.  Kretsinger  and  Nockolds  (11)  suggested 
the  term  EF  hand  to  depict  these  sites,  arising  from  the 
structure  of  the  second  calcium  binding  site  of  carp  parv¬ 
albumin,  which  is  flanked  by  helices  E  and  F. 

Many  proteins  (1,13-15),  collectively  referred  to  as 
calcium  binding  proteins  (CaBP) ,  have  one  or  more  metal 
binding  sites  which  are  homologous  to  the  CD  and  EF  calcium 
binding  sites  of  carp  muscle  parvalbumin.  At  the  present 
time,  six  families  of  EF  hand  proteins  have  been  esta¬ 
blished;  parvalbumins ,  TnC's,  calmodulins,  myosin  light 


Figure  1.1  An  a-carbon  stereo  drawing  of  the  X-ray  crystal 
structure  of  carp  parvalbumin,  pi  =  4.25.  The  CD  calcium 
binding  domain  (shown  on  the  left  side  of  the  stereodraw¬ 
ing)  consists  of  the  C  helix,  the  CD  calcium  binding 
loop,  and  the  D  helix.  The  EF  calcium  binding  domain 
(shown  on  the  right  side  of  the  stereodrawing)  consists 
of  the  E  helix,  the  EF  calcium  binding  loop,  and  the  F 
helix.  Atomic  coordinates  available  from  the  Brookhaven 
Protein  Data  Bank  were  used  to  prepare  this  figure,  which 
was  taken  from  Reference  12  (Figure  2)  with  permission. 
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chains,  intestinal  calcium  binding  proteins,  and  the  brain 
specific  S100  proteins  (16).  In  all  of  these  proteins  the 
metal  binding  loop  is  wrapped  around  the  Ca ’ 2  ion  in  such  a 
way  that  the  ligand  sites  are  filled  in  the  order  X,  Y,  Z, 
-Y,  -X,  -Z.  The  -Y  ligand  in  such  sites  is  always  a  carbonyl 
oxygen  from  the  protein  backbone,  whereas  all  of  the  other 
ligands  are  amino  acid  side  chains  or  water  molecules 
(1,17).  It  is  obvious  that  the  arrangement  of  the  coordinat¬ 
ing  ligands  provides  for  a  regular  and  easily  recognizable 
amino  acid  sequence  and  Figure  1.3  shows  some  representative 
examples  of  these  sequences,  the  sources  of  these  sequences 
were  carp  parvalbumin  (4.25  isozyme),  (10);  rabbit  skeletal 
TnC ,  (18);  porcine  ICaBP,  (19);  skeletal  DTNB  light  chain, 

(18,14);  bovine  brain  calmodulin,  (20);  bovine  brain  SlOOb, 
(21).  The  single  letter  amino  acid  symbols  have  been  tabu¬ 
lated  in  Table  1.1.  The  homologous  binding  site  regions  of 
these  molecules  will  hereafter  be  distinguished  in  the  text 
on  the  basis  of  their  alignment  with  skeletal  TnC.  In  this 
system  the  calcium  binding  sites  of  TnC  are  numbered  in  se¬ 
quence  as  I,  II,  III,  and  IV,  starting  from  the  N-terminus. 
The  six  proteins  contained  in  Figure  1.3,  and  the  numbers  of 
their  functional  binding  sites  are  carp  parvalbumin 
(III, IV),  rabbit  skeletal  TnC  (I-IV),  porcine  intestinal 
calcium  binding  protein  (III, IV),  bovine  brain  calmodulin 
(I-IV),  rabbit  skeletal  DTNB  LC  (I)  and  bovine  brain  SlOOb 
(III, IV).  The  properties  of  these  different  proteins  can 
vary  according  to  the  species  and/or  tissue  type  from  which 
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Table  I . 1 

One  and  Three  Letter  Symbols  for  The  Amino  Acids 


One  Letter 

Symbol 

Amino  Acid 

Three  Letter 
Symbol 

A 

alanine 

ala 

B 

asn  +  asp 

asx 

C 

cysteine 

cy  s 

D 

aspartic  acid 

asp 

E 

glutamic  acid 

glu 

F 

phenylalanine 

phe 

G 

glycine 

gly 

H 

histidine 

his 

I 

isoleucine 

i  le 

K 

lysine 

ly  s 

L 

leucine 

leu 

M 

methi on i ne 

met 

N 

asparagine 

asn 

P 

proline 

pro 

Q 

glutamine 

glu 

R 

argan i ne 

arg 

S 

serine 

ser 

T 

threonine 

thr 

V 

valine 

va  1 

W 

tryptophan 

t  rp 

Y 
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they  are  isolated,  so  the  following  text  will  confine  itself 
to  the  sources  specified  above,  unless  otherwise  stated. 

The  existence  of  these  proteins  and  their  highly  homo¬ 
logous  binding  sites  can  be  explained  by  their  evolution 
from  an  ancestral  gene  which  coded  for  a  40  amino  acid  long 
Ca+2  binding  domain  (16,23).  It  is  thought  that  this  domain 
underwent  two  successive  gene  duplications  to  produce  a  four 
domain  protein  where  domain  I  was  genetically  closer  to  dom¬ 
ain  III,  and  II  to  IV.  Gene  deletions  and  mutations  are 
thought  to  have  led  to  proteins  with  altered  EF  hands  such 
as  ( 9 ) (Figure  1.3): 

1)  defunct  and  deleted  sites  in  the  DTNB  LC  (III, IV) 
and  parvalbumin  (II); 

2)  distorted  sites  through  insertion  or  deletion  of  re¬ 
sidues  as  in  the  case  of  the  DTNB  LC  (II),  SlOOb 
(III  )  ,  and  ICaBP  (III); 

3)  substitutions  generating  high  affinity  Ca + 2  binding 
sites  such  as  sites  III  and  IV  of  TnC  and  the  CD 
(III)  and  EF  (IV)  sites  of  parvalbumin. 

Due  to  the  importance  of  the  EF  hand  arrangement  in  de¬ 
termining  the  calcium  binding  sites  of  these  proteins,  many 
studies  have  tried  to  clarify  the  high  calcium  affinity  of 
this  structural  arrangement.  Three  contributing  factors  have 
been  identified  to  date  (3,  and  references  therein). 

1)  Numerous  studies  with  proteolytic,  chemically 

cleaved,  and  synthetic  peptides  which  represented 
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parts  of  either  parvalbumi n ,  skeletal  TnC,  or  calmo¬ 
dulin  have  indicated  that  the  placement  of  amino 
acids  according  to  the  right  sequences  is  not,  in 
itself,  a  sufficient  condition  for  Ca + 2  binding. 

Such  a  sequence  is  ,  however,  required  since  parv- 
albumin  and  cardiac  TnC  each  contain  one  site  with 
amino  acid  substitutions  which  are  thought  to  have 
the  right  structure  but  which  will  not  bind  calcium. 
Also,  the  myosin  light  chains  ( A 1 ,  A2 ,  DTNB )  have 
four  homologous  EF  hand-like  loops  but  only  the  DTNB 
LC  binds  Ca + 2 ,  and  it  only  binds  one  mole  of  metal 
ion  per  mole  of  LC.  It  is  therefore  apparent  that 
other  features  must  play  a  role  in  determining  the 
calcium  affinity  of  such  sites. 

2)  When  peptide  fragments  with  the  helix-loop-helix  ar- 
rangment  were  studied,  moderate  calcium  affinity  was 
commonly  found  while  no  appreciable  Ca+2  was  bound 
by  the  isolated  12  residue  peptide.  In  addition, 

Chou  and  Fasman  type  calculations  have  suggested 
that  /3-turns  in  the  Ca+2  loop  contribute  to  the  Ca+2 
affinity,  (24).  These  studies,  as  well  as  more  re¬ 
cent  interpretations  based  on  sequence  analysis 
(241),  indicat  that  the  helices  directly  contribute 
to  the  binding  of  calcium,  and  this  could  explain 
why  no  direct  relation  exists  between  the  binding 
strength  of  the  site  and  the  number  of  ligands  (1). 

3)  Only  proteolytic  fragments  containing  two  EF  binding 


1 1 

sites  closely  resemble  the  native  proteins  with  re¬ 
spect  to  Ca + 2  binding.  Thus  the  structural  relation 
between  these  two  sites  is  important  in  addition  to 
the  specific  amino  acid  sequence  and  the  helices 
flanking  the  calcium  binding  loop.  For  example, 
chemical  modification  of  the  single  arg-75  residue 
in  parvalbumin  results  in  the  loss  of  the  calcium 
binding  affinity  of  the  protein  (25).  This  residue 
is  more  than  20  A  from  the  Ca* 2  binding  site  but  it 
is  involved  in  a  salt  linkage  with  glutamic  acid  re¬ 
sidue  81;  it  is  this  linkage  which  is  responsible 
for  preserving  the  relationship  between  the  two  cal¬ 
cium  binding  loops. 

The  binding  sites  of  CaBP  are  not  always  specific  for 
Ca+Z,  but  many  also  bind  Mg+2  and  other  divalent  metal  ions 
as  well.  This  is  an  important  point  as  most  cells  contain 
specilized  pumps  which  utilize  ATP  to  actively  excrete  Ca + 2 
from  the  inside  of  the  cell.  Under  normal  conditions,  the 
intracellular  Ca + 2  levels  are  kept  as  low  as  10'7  to  10~8  M, 
whereas  the  extracellular  calcium  levels  are  usually  in  the 
order  of  10'3  M  (1,3).  Thus  a  non-specific  binding  site  will 
be  saturated  with  Mg+2  under  normal  (unstimulated)  con¬ 
ditions.  A  summary  of  the  Ca + 2  and  Mg+2  binding  character¬ 
istics  of  the  six  representative  proteins  is  given  in  Table 


1.2. 
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Table  1.2 

The  Dissociation  Constants  and  Ca+2/Mg+2  Specif icities 
of  the  Representative  Calcium  Binding  Proteins 


Protein 

Ca+  2 

spec i f ic 

KCa 

(M) 

non- 

-spec i f ic 

M+  2 

K  d 
(M) 

parva 

0 

2 

Ca 

4  x  1  O’  4 

Mg 

7  x  1  0"  5 

TnCb 

2 

3  x  10-  6 

2 

Ca 

5  x  1  O'  8 

Mg 

2  x  1  O'  4 

I CaBPc 

0 

2 

Ca 

5  x  1  O’  7 

2 

Mg 

very  weak 

DTNBd 

0 

1 

Ca 

6  x  1  0 "  6 

Mg 

1  x  10' 3 

>1 

Ca 

1  x  1 0'  4 

calm* 

0 

3 

Ca 

2  x  1  O'  7 

Mg 

1  x  1 0-  4 

1 

Ca 

1  x  1  O’  6 

Mg 

2  x  1  O'  5 

S  1  00bf 

2 

6  x  1  O'  5 

2  x  1  O'  4 

aReference  37. 

bReference  38.  The  values  given  are  for  isolated  TnC,  where 
sites  I  and  II  are  the  Ca+2  specific  sites. 
cReference  39. 

dReference  40:  value  given  is  for  the  isolated  LC. 
e Reference  4 1 . 

1  Reference  27 . 

ND  -  not  determined 
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B.  The  ’H  NMR  spectra  of  Calcium  Binding  Proteins  in  the 
Presence  and  Absence  of  Metal  Ions 

NMR  spectroscopy  has  been  used  extensively  to  study 
CaBP  including  1 H  (26-32),  1  5F  (32,33),  and  1 3C  (34)  NMR 
studies  of  the  protein,  and  2 3Na  (3,35),  43Ca  (3,36),  and 
1 1 3Cd  (3,42)  NMR  studies  of  the  bound  metals.  This  brief 
discussion  will  highlight  some  of  the  1 H  NMR  spectral 
characteristics  of  CaBP.  Such  studies  have  been  carried  out 
on  calmodulin  (29,31,43),  parvalbumin  (44),  TnC  (28,29,32), 
the  alkali  and  DTNB  light  chains  (45),  ICaBP  (26),  and  SlOOb 
(27).  ’H  NMR  can  be  used  to  study  the  solution  conformation 
of  CaBP's,  in  that  both  large  conformational  changes  as  well 
as  much  more  subtle  changes  in  the  environment  of  specific 
amino  acid  residues  is  reflected  by  the  perturbation  of  the 
proton  resonances  of  the  protein.  All  of  these  proteins,  ex¬ 
cept  the  DTNB  LC ,  exhibit  unique  high  field  phenylalanine 
resonances  in  the  range  of  ca.  6-7  ppm  for  the  apo  protein. 
Similarly,  all  except  the  DTNB  LC  display  several  upfield 
shifted  methyl  resonances  in  the  range  of  ca.  -0.5  to  +0.5 
ppm  for  the  apoprotein,  as  indicated  in  Figure  1.4  for 
ICaBP.  The  high  field  methyl  groups  are  thought  to  be  the 
result  of  ring  current  effects  arising  from  the  close  prox¬ 
imity  of  these  nuclei  to  aromatic  residues  (46).  The  lack  of 
these  resonances  in  the  DTNB  LC  spectrum  is  thus  unusual, 
but  this  particular  calcium  binding  site,  when  Mn + 2  is  sub¬ 
stituted  for  Ca + 2 ,  has  an  ESR  spectrum  which  is  very  differ¬ 
ent  from  those  of  the  other  proteins  studied  (47).  These  two 
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Figure  1.4  A.  A  270  MHz  'H  NMR  spectrum  of  porcine 
ICaBP  showing  both  the  commonly  occuring  and  the 
upfield  shifted  chemical  shifts  of  the  aromatic  and 
methyl  residues  (see  Figure  VI I . 3  and  accompanying 
text-  for  details).  The  protein  has  five  phenyla¬ 
lanines,  one  tyrosine,  and  no  histidine  or  trypto¬ 
phan.  The  methyl  resonances  of  alanine  and  valine 
in  50  mM  K2HP04 ,  pH  7.0  are  indicated  by  arrows,  as 
are  the  upfield  shifted  CH3  groups.  The  inset  B 
shows  the  expanded  spectrum  of  the  aromatic  region 
where  the  upfield  shifted  phenylalanines  and  the 
assigned  tyrosine  resonances  are  indicated  with  ar¬ 
rows.  The. symbols  are:  *,  upfield  shifted  reson¬ 
ance;  I,  imidazole  buffer  resonance:  adapted  from 
Reference  26. 
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types  of  resonances,  along  with  the  rest  of  the  aromatic 
resonances,  are  shifted  away  from  the  bulk  of  the  spectrum, 
which  arises  from  the  protons  of  the  aliphatic  residues.  Be¬ 
cause  there  are  relatively  few  of  these  resonances  and  they 
have  unique  shifts,  it  is  much  easier  to  both  assign  these 
resonances  to  a  particular  type  of  amino  acid  and  to  observe 
defined  variations  in  these  resonances  as  the  system  is  per¬ 
turbed.  Therefore,  a  great  deal  of  attention  in  the  studies 
cited  above  entails  the  effect  of  metal  ion  addition  and 
other  perturbations  on  these  resonances. 

The  presence  of  upfield  shifted  phenylalanine  reson¬ 
ances  in  the  aromatic  region  and  upfield  shifted  methyl 
groups  in  the  aliphatic  region  in  the  apo  protein  indicates 
that  a  well-defined  tertiary  structure  exists  even  in  the 
absence  of  Ca+2.  This  supports  the  CD  results  for  these  pro¬ 
teins  which  show  a  high  degree  of  a-helical  content. 

C.  The  History  and  Objectives  of  This  Project 

The  initial  objective  of  this  project  was  to  obtain  a 
Ca+2  binding  protein  which  had  only  one  high  affinity  cal¬ 
cium  binding  site,  and  to  study  the  structure  of  this  bind¬ 
ing  site  using  nuclear  magnetic  resonance  as  the  primary 
tool.  As  with  all  projects,  the  course  which  is  plotted  ori¬ 
ginally  must  be  modified  to  accommodate  the  results  which 
are  achieved  as  one  attempts  to  follow  that  course.  The  ori¬ 
ginal  intention  was  to  probe  the  light  chains  of  myosin, 
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specifically  the  DTNB  LC  of  rabbit  skeletal  myosin  and  the 
EDTA  light  chain  of  scallop  myosin.  These  light  chains  have 
only  a  single  Ca *  2  binding  site  and  thus  are  a  simpler  sys¬ 
tem  than  parvalbumin,  which  had  already  been  extensively 
studied  in  our  lab  by  Dr.  Lana  Lee.  The  EDTA  light  chain, 
however,  lacked  any  aromatic  residues  other  than  phenyl¬ 
alanine  (48)  and  would  have  been  a  more  difficult  system  to 
probe  with  'H  NMR  since  it  is  the  aromatic  groups  which  are 
most  often  used  to  identify  calcium  binding  effects,  par¬ 
ticularly  tyrosines.  To  complicate  matters  further,  the  iso¬ 
lated  EDTA  light  chain  does  not  bind  calcium  (49)  and  we 
would  have  been  forced  to  look  at  either  myosin  as  a  whole 
or  a  fragment  thereof.  Unfortunately,  there  are  distinct 
handicaps  to  be  dealt  with  when  one  employs  ’H  NMR  to  study 
high  molecular  weight  species.  For  all  of  the  above  reasons, 
we  thought  that  this  system  would  be,  at  that  time,  too  dif¬ 
ficult  to  handle  using  this  particular  technique. 

The  focus  of  our  attention  then  shifted  to  the  DTNB  LC 
of  rabbit  skeletal  muscle.  This  protein  has  one  high  affin¬ 
ity  site  for  calcium  and  binds  metal  ions  in  the  isolated 
state,  as  well  as  in  the  native  myosin  molecule  (see  Chapter 
V).  The  ultimate  goal  of  this  project  was  to  attempt  to  do  a 
structural  analysis  of  the  binding  site  using  the  LIS  of 
Yb+3,  as  had  been  carried  out  on  parvalbumin  by  Dr.  L.  Lee 
and  Dr.  B.  D.  Sykes;  the  only  difference  would  have  been 
that  the  known  X-ray  crystal  structure  of  parvalbumin  was 
used  in  interpreting  the  data  in  the  latter  analysis,  while 
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no  such  structure  was  available  for  the  DTNB  LC .  Previous 
workers  have  calculated  theoretical  binding  site  structures 
for  TnC  and  calmodulin  on  the  basis  of  the  structure  of 
parvalbumin,  and  this  approach  would  also  have  been  used  by 
ourselves  to  aid  in  the  data  analysis.  Due  to  the  increasing 
number  of  reports  in  the  literature  indicating  that  a  lan¬ 
thanide  ion  cannot  always  functionally  replace  a  calcium 
ion,  we  began  by  choosing  three  lanthanides  which  covered 
both  the  ends  and  the  middle  of  the  series  and  used  CD  to 
determine  their  effects  on  the  overall  conformation  of  the 
molecule  compared  with  calcium.  The  difference  in  the  CD  ef¬ 
fects  which  we  observed,  the  fact  that  we  had  difficulty  in 
obtaining  a  10~6  M  dissociation  constant  for  the  isolated 
LC,  and  our  inability  to  see  any  spectral  differences  in  the 
'H  NMR  spectra  upon  the  addition  of  Yb+ 3  led  us  to  think 
about  using  the  LC  in  its  native  state,  i.e.  while  it  was 
still  associated  with  myosin.  Because  of  the  large  molecular 
weight  of  myosin,  direct  'H  NMR  studies  on  that  species  were 
out  of  the  question  so  we  attempted  to  prepare  HMM  SI  using 
papain.  SI  is  much  smaller  than  myosin,  and  yet  retains  all 
of  its  biological  properties  and  functions.  There  was  also 
the  added  attraction  that  we  could  monitor  the  ATPase  acti¬ 
vity  of  this  fragment  and  thus  have  an  independent  means  of 
assessing  the  effects  of  the  lanthanide  ions.  We  prepared 
this  subfragment  using  papain,  but  the  ATPase  was  quite  low 
{i.e.  50  to  60  %  that  of  myosin).  SDS  PAGE  indicated  that 
the  protein  had  been  extensively  nicked  during  the  cleavage, 
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as  had  been  observed  by  others  (50,51).  SI  prepared  with 
chymotrypsin  was  also  nicked.  The  addition  of  Yb+ 3  to  the  SI 
subfragment  prepared  with  papain  led  to  precipitation  of  the 
protein  so  this  entire  segment  of  the  work  was  abandoned. 

We  then  decided  to  look  more  closely  at  the  nature  of 
the  lanthanide-amino  acid  side  chain  interaction  itself  and 
initiated  a  series  of  studies  on  small  peptides,  both  as 
purchased  and  those  synthesized  in  collaboration  with  Dr.  R. 
S.  Hodges,  The  University  of  Alberta.  The  objective  here  was 
to  look  at  the  binding  of  small  ligands,  which  mimicked  the 
Ca+2  binding  sites,  and  to  look  at  their  structural  charac¬ 
teristics  when  bound  to  lanthanide  ions.  We  were  particu¬ 
larly  interested  in  determining  the  magnitude  of  the  contact 
interaction  of  the  LIS,  which  are  assumed  to  be  negligible 
in  1 H  NMR  spectra.  This  segment  of  the  project  was  completed 
successfully,  with  the  help  of  Dr.  Ron  Reid,  Dr.  Ashok 
Taneja,  and  Ms.  Michelle  Bjornson,  and  gave  us  some  surpris¬ 
ing  results  which  should  prove  to  be  beneficial  to  those  us¬ 
ing  the  LIS  of  lanthanide  ions  to  probe  the  stuctures  of 
calcium  binding  sites. 

During  this  time  we  also  began  a  fruitful  collaboration 
with  Dr.  Theo  Hofmann  and  Mr.  Joseph  D.  J.  O'Neil  at  The 
University  of  Toronto.  From  them  we  obtained  some  purified 
ICaBP,  which  was  thought,  at  that  time,  to  have  a  single 
Ca+2  binding  site.  We  received  the  protein  in  a  calcium- 
-saturated  state  and  our  preliminary  work  involved  adding 
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Yb+3  to  this  state.  LIS  were  immediately  apparent,  and  this 
form  of  the  protein  bound  one  mole  equivalent  of  Yb+ 3 .  We 
looked  at  both  the  effects  of  salt  and  temperature  on  these 
shifts.  The  temperature  dependency  was  very  odd  so  we  de¬ 
cided  to  prepare  the  apo-protein  and  do  some  calcium  binding 
studies  on  it  first,  before  proceeding  with  further  lan¬ 
thanide  work.  Initially  there  was  some  problem  in  obtaining 
a  metal  free  protein,  particularly  when  it  became  apparent 
that  EDTA  had  a  tendency  to  stick  to  the  protein  during  de¬ 
salting  on  sephadex  columns;  large  columns  and  high  salt 
concentrations  were  necessary  to  remove  the  EDTA  completely. 
We  made  use  of  this  contaminant  EDTA  to  obtain  a  dis¬ 
sociation  constant  for  the  binding  of  calcium  to  the  pro¬ 
tein;  this  K d  was  relative  to  the  known  Ca+2  dissociation 
constant  of  EDTA.  These  studies  led  us  to  make  some  conclu¬ 
sions  about  the  nature  of  the  mode  of  calcium  binding  by  the 
protein,  with  respect  to  whether  it  displayed  cooperat i vi ty . 
Even  when  we  initially  did  manage  to  get  rid  of  the  EDTA 
contamination,  this  protein  was  found  to  contain  some  metal 
ion  contamination  in  the  initial  studies  which  we  carried 
out.  This  problem  was  finally  solved  by  pretreatment  of  all 
of  the  desalting  column  buffers  and  the  deuterated  NMR 
sample  buffer  with  chelex-100  resin.  Prior  to  this  time,  the 
deuterated  NMR  buffers  in  the  lab  which  were  used  for  these 
types  of  studies  had  been  pre-treated  with  dithizone,  which 
has  a  high  affinity  for  lanthanides  and  transition  metals 
but  not  for  Ca"2  and  Mg+2. 
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The  addition  of  Ca + 2  to  ICaBP  led  to  spectral  changes 
consistent  with  the  binding  of  two  metal  ions.  This  was  lat¬ 
er  verified  by  our  collaborators  so  now  we  were  looking  at  a 
protein  which  bound  two  moles  of  Ca+2  rather  than  one.  There 
were  distinct  differences  between  the  apo-  and  Ca+ "-sa¬ 
turated  spectra,  indicating  that  the  conformation  of  the 
protein  changed  upon  calcium  ion  addition.  The  resonances  of 
the  single  tyrosine  residue  of  ICaBP  were  identified  in  both 
states  by  pH  and  CIDNP  studies.  The  CIDNP  studies  also  re¬ 
vealed  information  on  the  degree  of  exposure  of  this  tyro¬ 
sine  in  both  states.  We  later  returned  to  look  at  the  tem¬ 
perature  effects  anew,  armed  with  a  better  understanding  of 
the  calcium  binding  mode  of  the  protein.  We  titrated  the  apo 
protein  with  Lu+ 3  and  found  that  this  form  of  the  protein 
bound  two  equivalents  of  lanthanide.  From  these  results,  and 
the  Yb+3  data  mentioned  above,  we  were  able  to  determine 
that,  while  the  apo  form  of  ICaBP  bound  two  lanthanide  ions, 
in  the  presence  of  a  saturating  concentration  of  calcium 
only  one  lanthanide  ion  was  coordinated. 

We  also  began  a  collaboration  on  a  totally  different 
kind  of  CaBP,  the  bovine  brain  SlOOb  protein,  with  Dr.  R.  S. 
Mani  and  Dr.  C.  Kay  at  The  University  of  Alberta.  This  pro¬ 
tein  exists  as  a  dimer  in  solution  and  each  monomer  binds 
one  or  two  Ca+2  ions,  depending  upon  the  pH.  The  apo-  and 
Ca + 2 -saturated  spectra  were  different,  both  at  pH  7.5  and  at 
pH  8.5,  indicating  that  conformational  changes  were  taking 
place  upon  calcium  ion  addition  at  both  pH  values.  The 
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effect  of  Ca+2  at  pH  7.5  was  found  to  be  partially  reversed 
by  the  addition  of  K+.  The  apo  spectra  at  pH  7.5  and  pH  8 . 5 
differed  as  well,  indicating  a  change  in  conformation  of  the 
protein  as  a  function  of  pH.  This  was  later  verified  by  a  pH 
titration  of  both  the  apo-  and  calcium-saturated  forms  of 
SlOOb.  The  single  tyrosine  residue  ionized  only  at  high  pH, 
where  the  'H  NMR  spectra  indicated  that  the  protein  was  de¬ 
naturing. 


Further  work  is  anticipated  on  both  ICaBP  and  SlOOb. 


I  I .  NMR  THEORY  AND  METHODOLOGY 


A.  The  Magnetic  Properties  of  Chemical  Substances 

This  section  is  intended  to  be  a  brief  and  simple  re¬ 
view  of  some  of  the  magnetic  properties  of  the  elements  and 
will  emphasize  those  features  which  are  relevent  to  the  stu¬ 
dies  undertaken  in  this  work. 

Di amagne t i sm 

All  molecules  contain  at  least  some  if  not  all  of  their 
electrons  in  closed  shells,  where  the  electron  spin  moments 
and  orbital  angular  moments  of  individual  electrons  balance 
one  another  out  so  that  there  is  no  net  magnetic  moment 
(52,53).  However,  when  an  atom  or  molecule  is  placed  in  a 
magnetic  field,  a  small  magnetic  moment  is  induced  which  is 
directly  proportional  to  the  strength  of  the  applied  field. 
For  diamagnetic  materials,  the  electron  spin  moment  is  zero, 
and  it  is  a  small  net  orbital  moment  which  is  set  up  in  op¬ 
position  to  the  applied  field,  the  magnitude  of  which  de¬ 
pends  on  the  size  and  shapes  of  the  orbitals  in  the  closed 
shells  ( 52 ) . 

Paramagnet i sm 

A  paramagnetic  substance  has  unpaired  electrons,  for 
which  the  electron  spin  moments  and  orbital  angular  moments 
do  not  cancel  out,  resulting  in  a  net  permanent  moment  (52). 
Normally  these  moments  are  randomly  oriented,  such  that  the 
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net  moment  of  a  sample  is  zero.  However,  in  the  presence  of 
an  external  magnetic  field  H0 ,  these  moments  become  aligned 
with  H0  and  a  net  magnetic  moment  is  induced.  An  atom  with  a 
permanent  magnetic  moment  will  still  have  diamagnetic  behav¬ 
iour  working  in  opposition  to  that  paramagnetism  when  placed 
in  a  magnetic  field,  providing  that  the  atom  has  one  or  more 
closed  shells  of  electrons. 

Magnetic  Susceptibility 

The  magnetic  field  patterns  around  a  current-carrying 
conductor  can  be  represented  by  lines  which  are  called  the 
magnetic  flux  (54).  When  a  substance  is  placed  in  the  mag¬ 
netic  field,  the  moments  which  are  induced  in  that  substance 
alter  the  flux  within  it.  The  susceptibility  of  a  diamagnet¬ 
ic  substance  is  negative  because  the  flux  from  the  induced 
dipoles  cancel  out  some  of  the  flux  due  to  the  applied 
field.  For  paramagnetic  substances,  the  flux  is  greater 
within  the  substance  than  it  would  be  in  the  rest  of  the 
field  so  paramagnetic  molecules  have  positive  susceptibili¬ 
ties  (52,55).  Susceptibility  is  thus  a  measure  of  the  magni¬ 
tude  of  the  diamagnetic  and  paramagnetic  moments  which  are 
induced  in  the  presence  of  the  external  magnetic  field. 

Magnetic  susceptibility  is  a  tensor  quantity  which  has 
three  principle  axes,  these  three  axes  are  taken  as  the 
principle  axes  of  a  cartesian  coordinate  system,  where  the 
principle  molecular  magnetic  susceptibilities  are  x*,  Xv, 
and  x2.  The  magnetic  susceptibility  tensor  can  have  three 
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types  of  symmetry. 


SYMMETRY 


PRINCIPAL  AXIS 


spherical 


X  x  X  y  ~  X  z 


axial 


Xx  :  Xy  /  X 
Xx  /  Xy  ^  X 


non-ax ial 


For  spherical  symmetry,  the  magnitude  of  the  paramagnetic 
moment  will  be  independent  of  the  orientation  of  the  sus¬ 
ceptibility  axis  with  respect  to  H0  because  nx  =  ny=  nz;  this 
is  an  isotropic  magnetic  moment.  For  axial  and  non-axial 
symmetry,  however,  this  will  not  be  the  case  and  the  magni¬ 
tude  of  the  moment  will  be  dependent  upon  the  orientation  of 
the  susceptibility  axis  with  respect  to  H0 ;  this  type  of 
magnetic  magnetic  moment  is  anisotropic. 

B.  The  General  Properties  of  the  Lanthanides  and  Their  Use¬ 
fulness  as  Structural  Probes 

The  Chemistry  of  the  Lanthanides 

The  transition  elements  may  be  strictly  defined  as 
those  which,  as  elements,  have  partially  filled  d  or  f 
shells,  and  the  lanthanides  fall  into  this  broad  category. 
The  first  element  in  the  lanthanide  series  is  lanthanum 
which  has  an  electron  configuration  in  the  ground  state  of 
[Xe]6s25cf.  Because  the  4 f  shells  become  slightly  more  stable 
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than  the  5 d  shells  upon  the  addition  of  electrons,  the  4 f 
shells  fill  first.  The  fourteen  elements  following  lanthanum 
in  the  periodic  table  are  formed  by  the  successive  addition 
of  14  electrons  to  these  empty  shells  until  one  reaches  lu- 
tetium  for  which  the  f  shells  are  completely  filled  with  an 
electron  configuration  of  [  Xe  ]  4f 1  4  5cf6s2  (56).  The  15  ele¬ 
ments  La  through  Lu  have  very  similar  chemical  and  physical 
properties  so  that  all  of  these  elements  are  combined  into 
the  classification  lanthanides.  Yttrium  also  has  very  simi¬ 
lar  properties  and  it  is  often  found  grouped  with  the  lan¬ 
thanides  in  the  literature  (56). 

The  subtle  differences  and  trends  that  are  encountered 
along  the  series  are  primarily  due  to  the  changes  in  the 
ionic  radii  of  the  cations,  which  are  generally  present  as 
the  M+  3  state  (Table  II.  1).  As  one  proceeds  through  the  lan¬ 
thanide  series,  the  nuclear  charge  and  the  number  of  4 f  ele¬ 
ctrons  increases  by  one  each  step.  The  shielding  of  one  4 f 
electron  by  another  is  quite  imperfect  (much  more  so  than 
with  the  d  electrons)  owing  to  the  shapes  of  the  orbitals, 
so  that  at  each  increase  of  a  single  electron  the  effective 
nuclear  charge  experienced  by  each  4 f  electron  increases, 
resulting  in  a  reduction  in  size  of  the  entire  4 f  shell.  The 
accumulation  of  these  successive  contractions  is  the  total 
lanthanide  contraction  and  can  be  easily  observed  in  Table 
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Table  II . 1 

Electronic 

Ca 

Configuration  and  Effective  Ionic 
+2,  and  the  Tripositive  Lanthanide 

Radi  i 
Ions 


for  Y 


r 


Element 

Symbol 

Electronic 

Conf igurat ion 
(M+  3  ) 

Ionic3 

Radi  i 

M +  3 

Calcium 

Ca 

[K] 

1  .  000b 

Yttrium 

Y 

[Ar  ] 

0.900 

Lanthanum 

La 

[Xe] 

1  .032 

Cerium 

Ce 

4  f'c 

1.010 

Praseodymium 

Pr 

4f 2 

0.990 

Neodymium 

Nd 

4  f 3 

0.983 

Promethium 

Pm 

4  f  4 

0.970 

Samar i urn 

Sm 

4  f5 

0.958 

Europium 

Eu 

4  f  ‘ 

0.947 

Gadol i n i urn 

Gd 

4  f  7 

0.938 

Terbium 

Tb 

4  f 8 

0.923 

Dysprosium 

Dy 

4  f9 

0.912 

Holmium 

Ho 

4  f  1  0 

0.901 

Erbium 

Er 

4f  1  1 

0.890 

Thulium 

Tm 

4f  1  2 

0.880 

Ytterbium 

Yb 

4f 1  3 

0.868 

Lutet i urn 

Lu 

4f 1  4 

0.861 

aFor  a  coordination  number  of  6,  from  Ref.  57. 
bRadii  for  the  M+ 2  ion. 

cOnly . those  with  electrons  outside  the  closed  rare  gas  shell 
are  indicated. 
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Plots  of  stability  constants  and  ionization  potentials 
(58)  as  well  as  other  properties  (56,58,59)  of  small  mol¬ 
ecule  lanthanide  complexes  against  atomic  number  frequently 
show  inflections  at  or  near  Gd+3,  the  lanthanide  with  the 
4f7  configuration.  The  fact  that  this  inflection  does  not 
always  occur  exactly  at  gadolinium  for  all  of  these  com¬ 
plexes  has  resulted  in  the  view  that  these  "breaks"  are  the 
result  of  structural  changes  (60,61)  associated  with  the 
change  in  size  of  the  tripositive  ion.  There  is  support  for 
this  view  in  various  studies  where  several  small  molecule 
complexes  of  the  heavier  lanthanide  ions  were  shown  to  adopt 
structures  having  lower  coordination  numbers  than  the  corre¬ 
sponding  lighter  lanthanide  complexes  (60,62,63,242). 

The  majority  of  lanthanide  complexes  isolated  involved 
oxygen  donor  ligands  or  mixed  oxygen-nitrogen  chelate  li¬ 
gands  which  are  commonly  anionic  and  multidentate  as  typi¬ 
fied  by  /3~di  ketonate  (  i.e .  acetyl  acetonate),  dicarboxy late 
(i.e.  citrate),  and  amine-carboxy late  ligands  (i.e. 

EDTA ) ( 58 ) .  For  a  complex  to  be  stable  in  aqueous  media,  the 
ligand  must  compete  successfully  with  H20,  which  is  a  good 
ligand  towards  lanthanide  ions  and  is  available  in  great 
abundance,  and  also  OH"  which  forms  insoluble  hydroxides 
(64,65)  (i.e.  upon  dissolution  in  aqueous  media,  the  lan¬ 
thanides  undergo  extensive  hydrolysis,  which  is  evidenced  by 
a  significant  decrease  in  the  pH  of  an  unbuffered  solution). 
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Lanthanide  Ions  as  Calcium  Probes 

Lanthanide  ions  are  the  simplest  cations  which  have 
useful  physical  properties  and  a  chemistry  closely  allied  to 
that  of  Ca+2.  The  chemistry  of  these  highly  electropositive 
elements  is  largely  ionic  and  is  determined  by  the  size  of 
the  M+  3  ion  (58).  Because  of  this,  lanthanide  complexes 
closely  resemble  the  complexes  of  the  group  IIA  alkaline 
earth  cations,  which  includes  Ca+2  and  Mg+2.  The  interaction 
between  metal  ion  and  ligand  is  electrostatic  and  all  of  the 
lanthanide  ions  present  the  same  empty  6s  and  6 p  valence 
shell  to  coordinating  ligands.  The  partially  filled  4 f  shell 
lies  deeper  in  the  atom  and  takes  effectively  no  part  in  co¬ 
valent  bond  formation.  Thus  the  influence  of  the  ligand 
field  on  the  4 f  orbitals  is  very  much  smaller  than  in  the 
d~ block  complexes  where  ligand  field  stabilization  energies 
contribute  significantly  to  the  stability  of  complexes  (66). 
The  lanthanides  from  Ce+3  to  Ybi3  are  paramagnetic  and  it  is 
this  property  which  is  very  useful  for  stuctural  studies  us¬ 
ing  NMR,  as  will  be  outlined  shortly.  In  order  to  carry  out 
biochemically  relevant  studies  on  the  CaBP's,  one  needs  to 
use  a  metal  ion  which  is  similar  to  calcium  in  size,  mode  of 
binding,  and  functionality.  Lanthanide  metal  ions  can  fu¬ 
lfill  these  requirements  (Table  II.  1  )  (58,67-70). 

NMR  Studies  of  Lanthanide  Complexes 

There  have  been  many  studies  on  both  chemical 
(58,71-73)  and  biochemical  (58,69,70,73-82)  molecules  which 
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have  shown  that  structural  information  can  be  obtained  from 
the  NMR  spectra  of  nuclei  on  metal  binding  ligands,  includ¬ 
ing  proteins,  when  a  paramagnetic  metal  is  used  in  place  of 
the  physiologically  relevent  diamagnetic  metals.  In  these 
studies  one  is  observing  the  effects  of  the  unpaired  ele¬ 
ctron  upon  those  ligand  nuclei  which  coordinate  directly  to 
the  metal  ion  or  which  are  brought  into  close  proximity  to 
the  metal  ion  through  coordination.  This  is  manifested  in 
the  form  of  large  changes  in  the  chemical  shifts  and/or 
broadening  of  the  resonances  of  these  nuclei. 

In  studies  on  biochemical  systems,  the  lanthanides  have 
been  used  as  NMR  probes  of  the  structure  of  small  organic 
molecules,  as  well  as  proteins.  Hinckley  (83)  first  reported 
the  use  of  lanthanide  tris  /J-di ketona tes  as  shift  reagents 
in  organic  solvents,  to  simplify  the  spectral  analysis  of 
cholesterol.  The  use  of  lanthanides  as  "shift  reagents" 
often  results  in  the  resolution  of  previously  overlapping 
peaks.  In  1971,  the  first  studies  on  the  use  of  lanthanide 
tripositive  ions  in  the  determination  of  the  structure  of 
AMP  in  aqueous  solution  was  reported  (84-86)  and  this  work 
has  been  extended  to  cyclic  mononucleotides  (87),  dinucleo¬ 
tides  (88),  ATP  (89),  and  ribonucleotides  (90).  The  analysis 
for  flexible  molecules  results  in  the  determination  of  a 
series  of  geometries  of  the  nucleotide  which  are  compatible 
with  the  observed  lanthanide  induced  NMR  shifts. 
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The  Oxford  Enzyme  Group  first  proposed  that  perturba¬ 
tions  induced  by  lanthanide  ions  could  be  used  to  probe  the 
structure  of  a  protein  (91-95).  The  early  studies  were  based 
upon  the  binding  of  the  broadening  probe  Gd+3  to  a  site  on 
the  enzyme  lysozyme  (91,92).  Gd+3  induces  no  dipolar  shifts 
(as  will  be  discussed  later)  but  it  does  induce  nuclear  re¬ 
laxation  which  manifests  itself  in  the  form  of  broadening  of 
the  resonances  of  nearby  nuclei;  the  extent  of  this  broaden¬ 
ing  is  dependent  upon  the  distance  of  the  nuclei  from  the 
paramagnetic  centre.  When  Gd+3  was  added  to  lysozyme,  it 
bound  to  a  site  on  the  protein,  thereby  broadening  certain 
resonances.  By  comparing  the  affected  resonances  and  the 
calculated  distances  with  the  X-ray  crystallographic  struc¬ 
ture  of  the  protein,  some  assignments  of  resonances  to  spe¬ 
cific  protein  residues  were  made. 

In  addition  to  the  broadening  studies,  NMR  shifts  of 
lysozyme  induced  by  lanthanides  other  than  Gd+ 3  were  used  to 
determine  geometrical  information  (78,95).  From  these  stu¬ 
dies  the  position  of  the  metal  ion  in  the  protein,  the  mag¬ 
nitude  of  the  principal  elements  of  the  magnetic  suscepti¬ 
bility  tensor  of  the  metal,  and  the  direction  of  the  mag¬ 
netic  susceptibility  tensor  were  determined.  In  addition, 

Lee  and  Sykes  (76,77,96-100)  have  studied  the  lanthanide  in¬ 
duced  shifts  and  linebroadenings  for  Yb+ 3  substituted  parv- 
albumin;  these  studies  led  to  the  determination  of  the 
orientation  and  principle  elements  of  the  magnetic  suscepti¬ 
bility  tensor  of  Yb+ 3  bound  in  the  EF  calcium  binding  site 
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of  parvalbumin,  and  the  three  dimensional  structure  of  the 
surrounding  amino  acid  residues.  Further  work  has  demon¬ 
strated  that  these  techniques  can  be  extended  to  proteins 
which  do  not  normally  bind  metal  ions  (101-103).  By  chemical 
modification,  specific  metal  binding  sites  on  bovine  pan¬ 
creatic  trypsin  inhibitor  were  introduced  to  probe  its  pro¬ 
tein  conformation.  Other  studies  involving  the  use  of  lan¬ 
thanide  induced  shifts  to  probe  molecular  structure  include 
work  on  amino  acids  (74,104-106),  peptides  (106,107),  and 
testosterone  (108). 

Diamagnetic  Shifts 

Diamagnetic  shifts  are  the  changes  in  the  chemical 
shifts  of  a  molecule  due  to  the  interaction  of  its  nuclei 
with  a  diamagnetic  metal  ion,  such  as  Ca+2,  Mg+2,  or  the 
diamagnetic  lanthanides  La + 3  and  Lu+ 3  .  These  shifts  arise 
from  perturbations  in  the  environments  of  the  affected  re- 
siudes  due  to  the  binding  of  metal  ions,  as  a  result  of  loc¬ 
al  changes  in  stucture  or  overall  conformational  changes  in 
the  molecule.  The  chemical  shifts  of  such  residues  typically 
span  the  -1  to  10  ppm  region  of  the  'H  NMR  spectrum  in  both 
the  presence  and  absence  of  metal  ions. 

Lanthanide  Induced  Shifts 

LIS  are  the  change  in  chemical  shifts  for  the  nuclei 
which  are  brought  about  by  the  interaction  of  these  nuclei 
with  the  paramagnetic  moment  of  a  lanthanide  ion.  These 
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interactions  typically  shift  the  ’H  NMR  resonances  of  nuclei 
in  the  vicinity  of  the  metal  ion  to  positions  outside  the 
envelope  of  the  diamagnetic  spectrum.  There  are  two  distinct 
types  of  interactions  which  occur  that  each  contribute  se¬ 
parately  to  the  observed  value  of  the  LIS  (109-111).  One  is 
called  the  contact  or  Fermi  interaction  which  is  an  inter¬ 
action  that  depends  upon  the  probability  of  the  electron  be¬ 
ing  located  at  the  nucleus;  this  interaction  is  isotropic . 
Contact  shifts  are  caused  by  movement  of  the  unpaired  ele¬ 
ctron  spin  density  away  from  the  metal  cation  to  the  ligand 
by  covalent  bond  formation;  this  mechanism  operates  through 
the  metal  cation  co-ordinating  bond  and  so  depends  upon  the 
degree  of  covalency  in  this  bond.  To  interact  in  such  a  man¬ 
ner,  the  ligand  nucleus  observed  must  generally  be  either 
directly  bonded  to  the  metal  centre  or  involved  in  a  bonding 
system  through  which  the  electron  could  be  delocalized,  such 
as  a  conjugated  system.  The  magnitude  of  the  contact  shift 
is  dependent  upon  the  lanthanide  being  observed,  and  the  ex¬ 
pression  for  this  shift  is 

=  Am<S  z  >m 

c  i 

where  Am  is  the  observed  contact  shift  for  nucleus  /  and 
lanthanide  m,  is  the  hyperfine  coupling  constant  between 
the  nucleus  /  and  the  unpaired  electron  spin  of  the  lan¬ 
thanide  m,  and  <Sz>m  is  the  projection  of  the  total  electron 
spin  magnetization  for  the  lanthanide  ion  m  in  the  direction 
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of  H0.  Values  for  <S2>m  have  been  determined  experimentally 
for  each  of  the  lanthanides  (112).  This  type  of  interaction, 
although  independent  of  the  orientation  of  the  molecule  to 
the  external  field,  is  dependent  upon  the  structure  of  the 
metal-chelate  complex.  Also,  because  the  lanthanides  form 
complexes  by  electrostatic  interaction,  this  precludes  the 
operation  of  a  contact  mechanism  of  the  same  order  of  magni¬ 
tude  as  found  with  the  first  row  transition  block  metal  com¬ 
plexes  but,  with  even  as  little  as  1%  covalency,  contact 
shifts  should  be  observed  (66). 

The  second  type  of  interaction  is  called  the  psu&docon- 
tact  or  dipolar  interaction,  and  this  interaction  is  aniso¬ 
tropic.  The  only  trivalent  lanthanide  ions  which  do  not  dis¬ 
play  this  type  of  shift  are  La  and  Lu,  which  are  diamagnet¬ 
ic,  and  the  paramagnetic  lanthanide  Gd  ( f 7)  because  it  has 
an  isotropic  ligand  field  arising  from  the  presence  of  one 
electron  in  each  of  its  seven  f  orbitals.  An  intuitive  look 
at  the  dipolar  interaction  (113)  deals  with  the  case  of  the 
axially  symmetric  system,  where  Xx=XyrXz,  where  one  can  re¬ 
present  the  susceptibility  tensor  by  an  ellipsoid  of  revolu¬ 
tion  (Figure  II.  1).  The  induced  paramagnetic  moment  produces 
a  dipole  field  acting  at  the  nucleus  i  (N|).  This  dipole 
field  will  not  average  to  zero  over  molecular  orientation 
(i.e.  rapid  tumbling)  because  the  magnitude  of  itself  de¬ 
pends  upon  the  molecular  orientation  relative  to  H0  (110). 
Figure  II. 1  shows  two  possible  orientations  of  the  molecular 
susceptibility  tensor  for  an  axially  symmetric  system.  The 
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symmetry  axis  z  defines  the  parallel  direction,  (x2=x„; 
Xx=Xy=Xj_  )  and  the  magnitudes  of  the  induced  moments,  which 
are  parallel  to  the  applied  field  for  paramagnetic  sub¬ 
stances,  are  indicated  by  the  large  arrows  along  with  their 
associated  flux  lines.  In  the  present  example  xM>xi  so  that 
When  the  symmetry  axis  of  the  molecule  is  parallel  to 
the  applied  field  (Figure  II. 1A),  the  internal  magnetic 
field  at  N \  reinforces  the  external  field  and  would  cause  N, 
to  come  to  resonance  at  lower  applied  field  (downfield 
shift).  This  is  analogous  to  the  more  familiar  "ring  current 
effect"  observed  for  benzene,  which  causes  aromatic  protons 
to  resonate  at  lower  applied  fields  than  aliphatic  protons. 
When,  in  the  course  of  tumbling,  the  molecular  symmetry  axis 
becomes  perpendicular  to  the  applied  field  (Figure  II. IB), 
the  nucleus  N,  will  experience  a  smaller  internal  field 
which  opposes  the  external  one  (upfield  shift).  In  the  pre¬ 
sent  example,  when  an  average  over  all  possible  orientations 
is  taken,  the  situation  of  Figure  II. 1A  will  dominate  and  a 
net  downfield  dipolar  shift  will  result.1 

The  general  equation  for  the  dipolar  shift  of  nucleus  / 
in  an  axially  symmetric  system  is 


’In  the  ensuing  discussions  and  results,  a  negative  value 
for  a  LIS  represents  a  shift  to  lower  frequency  (upfield)  in 
the  presence  of  lanthanide  ions.  (i.e.  A°mb5,1  =  yPara-  v6'a)  . 


36 


where  A^'  is  the  dipolar  component  of  the  LIS  of  nucleus  /, 
rim  is  the  distance  of  nucleus  /  from  the  central  ion  m,  and 
and  6j  is  the  angle  between  rim  and  the  principle  axis  of 
symmetry  z,  as  defined  in  Figure  II. 2.  When  the  frequencies 
of  rotation  and/or  translational  motion  of  the  residues  are 
high  compared  with  the  frequencies  of  interest  in  the  reson¬ 
ance,  it  is  the  time  average  of  these  frequencies  which  is 
observed,  as  indicated  by  the  ave  notation  (114).  In  addi¬ 
tion  to  this  type  of  averaging,  when  the  molecule  is 

tumbling  rapidly  in  solution  there  is  also  averaging  over 
all  of  the  possible  orientations  of  the  lanthanide  complex 
with  respect  to  H0 ,  as  outlined  previously  (110). 

The  net  result  of  this  equation  can  be  visualized  with 
the  aid  of  Figure  II. 1  (113).  If  the  nucleus  N\  had  been  lo¬ 
cated  near  the  equator  of  the  ellipsoid,  it  can  be  readily 
seen  that  an  upfield  shift  would  result.  Thus,  for  axially 
symmetric  systems,  with  x„  >X_L  ,  a  nucleus  lying  within  cones 
coaxial  with  the  principal  axis  of  half  angle  6  =  54.7°  will 
experience  downfield  shifts,  while  those  lying  to  the  equa¬ 
torial  region  would  experience  upfield  dipolar  nuclear  res¬ 
onance  displacements. 

With  this  more  simple  system  in  mind,  we  will  now  out¬ 
line  the  more  general  case  for  lanthanide  complexes,  which 
is  that  of  the  presence  of  an  susceptibility  tensor  which 
does  not  have  axial  symmetry  xx  /  Xy  /  x2.  The  terms  in  this 
relationship  are 
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Figure  II .2  The  three  values  r,  0,  and  0  define  the 
spherical  coordinates  of  nucleus  i  (N,)  in  the  prin 
cipal  axis  system  of  the  magnetic  susceptibility 
tensor  of  a  paramagnetic  ion  (0).  The  length  of  the 

vector  ON i  is  r:  adapted  from  reference  113,  Figure 
4  5  • 


where,  for  the  case  of  a  molecule  tumbling  freely  in  solu¬ 
tion,  {  i  .G .  l/rR>>  the  linewidth  of  the  resonance  and  where 
Tie  <<  rR  )  ,  one  has 


where  71e  is  the  electron  spin-lattice  relaxation  time,  rR 
is  the  correlation  time  for  molecular  tumbling  in  solution, 
and  N  is  Avogadro's  number  (113).  The  geometric  factors  Gj 
and  Gi  are  defined  as 


and 


G 


1 

2 


sin  2  6 i cos20  j 


r  i 


a  ve 


where  0j  is  the  angle  between  the  projection  of  r , m  on  the 
xy  plane  and  the  x  axis,  as  defined  in  Figure  II. 2.  It  is 
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readily  apparent  that  if  xx=Xy  in  the  case  above,  then  the 
D 2 m  component  of  the  equations  above  is  nullified  and  one 
has  an  equation  with  only  a  single  term  (axial  symmetry). 

For  a  spherically  symmetric  system,  there  will  be  no  dipolar 
shift  as  D1m  and  D2m  ace  both  nullified.  The  sign  of  the 
shift  is  a  function  of  the  size  of  the  angles  0j  and  0ir 
while  the  magnitude  of  the  dipolar  shift  is  inversely  pro¬ 
portional  to  the  cube  of  the  vector  rim  (111,113).  Theoret¬ 
ical  contour  plots  can  be  generated  for  all  of  the  possible 
combinations  of  these  three  variables,  and  the  structure  of 
the  molecule  can  then  be  determined  from  the  observed  LIS  of 
each  observed  nucleus,  after  correction  for  the  contri¬ 
butions  of  the  contact  shift  and  the  diamagnetic  shift.  Fi¬ 
gure  II. 3  shows  a  two  dimensional  representation  of  several 
of  the  contour  plots  derived  for 

Tr is[hydr idotris (pyrazol-l-yl )borato]ytterbium( 1 1 1 ) 
[Yb(HBPz3)3]  and  a  three  dimensional  representation  of  the 
14  ppm  contour  of  Yb+ 3 -subst i tuted  parvalbumin. 

C.  Chemical  Exchange 

The  following  text  will  briefly  define  the  terms  slow 
and  fast  exchange,  and  explain  the  effect  of  exchange  rates 
on  'H  NMR  spectra.  Let  us  consider  a  single  nucleus  which 
has  two  possible  env i ronmnent s .  For  example,  a  nucleus  with¬ 
in  the  metal  binding  site  of  a  protein  (Hp)  will  experience 
two  distinct  environments  if  the  concentration  of  metal  ion 
is  non-saturating,  the  environment  of  the  apoprotein  and  the 
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environment  of  the  metal-bound  protein,  as  indicated  below: 


Hp  +  M^=±MHp 

These  environments  may  differ  because  there  is  a  confor¬ 
mational  change  upon  metal  binding,  because  the  metal  bound 
is  paramagnetic,  or  for  other  reasons.  The  resonant  nucleus 
jumps  between  the  two  environments,  A  (apo  protein)  and  M 
(protein-metal  complex).  The  complex  tumbles  with  a  rota¬ 
tional  correlation  time  rR  ,  and  the  mean  lifetimes  of  the 
nucleus  in  the  respective  environments  are  rA  and  rM  . 

A  given  nucleus  which  is  perturbed  by  the  binding  of  a 
metal  to  the  protein  will  have  two  resonance  frequencies  v ^ 
and  ^M,  corresponding  to  the  A  and  M  states  of  the  protein 
respectively.  Consider  a  coordinate  system  that  rotates 
about  H0 ,  in  the  same  direction  in  which  the  nuclear  moments 
precess  (243),  at  a  frequency 

v  o  =  1/2 ( +vM  )  . 

In  this  rotating  coordinate  system  a  nucleus  at  site  A  pre- 
cesses  at  {v^-vo),  whereas  a  nucleus  at  site  M  precesses  at 
(vc~vM) :  the  nucleus  at  site  M  in  this  rotating  frame  then 
appears  to  be  precessing  in  a  direction  opposite  to  that  of 
the  nucelus  in  site  A  (116).  A  theoretical  series  of  spectra 
have  been  computed  and  are  shown  in  Figure  II  .4. 
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Figure  II. 4  Theoretical  spectra  for  slow,  inter¬ 
mediate,  and  fast  exchange.  The  fraction  of  the  nu¬ 
clei  in  environment  A  was  0.45,  rA  was  1 0 '  3  sec,  rM 
was  10' 1  sec,  pa  was  180  Hz,  and  ^  was  110  Hz.  The 
rate  constant  varied  in  the  series  as:  A,  5;  B,  25- 
C,  70;  D,  500;  and  E,  3000  sec'1. 
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Slow  Exchange  Limit 

When  the  rate  of  chemical  exchange  between  these  two 
environments  is  slow,  then  a  given  nucleus  exists  in  either 
state  for  a  period  of  time  long  enough  that  it  can  process 
many  times  before  it  moves  into  the  other  state.  The  net  re¬ 
sult  is  that  interaction  with  the  applied  field  occurs  for 
both  state  A  and  state  M,  and  a  single  resonance  line  ap¬ 
pears  at  each  of  v A  and  v M  (Figure  II. 4A) .  This  is  the  si¬ 
tuation  observed  for  proteins  when  the  metal  binding  is 
tight  and  specific;  the  spectrum  in  the  presence  of  metal 
ions  consists  of  two  resonances,  one  corresponding  to  the 
ligand  nuclei  in  the  absence  of  metal  ions  (pA)  and  the  oth¬ 
er  resonance  to  the  nuclei  in  the  protein-metal  complex 
(pM).  Note  that  in  Figure  II. 4A  the  intensity  of  the  reson¬ 
ances  reflects  the  fraction  of  nuclei  in  each  of  the  two  en¬ 
vironments  . 

Fast  Exchange  Limit 

When  the  exchange  rate  between  the  two  sites  is  fast, 
then,  in  the  rotating  frame,  the  nucleus  remains  stationary 
while  in  the  laboratory  frame  it  appears  to  be  precessing  at 
the  frequency  with  which  the  coordinate  system  rotates.  Thus 
one  observes  a  single  resonance  at  v0,  even  though  no  nu¬ 
cleus  actually  precesses  at  that  frequency. 
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The  Effect  of  Chemical  Exchange  on  the  NMR  Spectrum 

The  series  of  theoretical  spectra  shown  in  Figure  II. 4 
show  the  transition  in  the  spectral  charac ter i st ics  as  one 
goes  from  the  slow  exchange  limit,  through  intermediate  ex¬ 
change  limits,  to  the  fast  exchange  limit.  The  two  sharp 
resonances  in  the  extreme  of  the  slow  exchange  limit  (A)  are 
seen  to  broaden  and  move  together  as  the  exchange  rate  in¬ 
creases  towards  the  intermediate  range  (B  to  C)  and  finally 
these  broad  lines  coalesce  into  a  single  peak  (D) .  As  the 
rate  increases  further,  this  line  sharpens  up  until  it  ap¬ 
pears  as  a  narrow  singlet  in  the  extreme  of  the  fast  ex¬ 
change  limit  (E).  The  terms  slow  and  fast  exchange  are  fre¬ 
quently  encountered  in  relation  to  chemical  shifts  and/or 
nuclear  relaxation  times  (115,116),  and  the  interpretation 
of  NMR  results  must  always  take  into  account  the  existing 
exchange  rates. 

D.  Laser  Photochemical  Induced  Dynamic  Nuclear  Polarization 
-  CIDNP 

This  effect  is  generated  by  the  cyclic  reaction  of  a 
photo-excited  dye  with  certain  amino  acid  residues  which  are 
accessible  to  the  dye.  Polarisation  has  been  observed  with 
tyrosine,  histidine,  and  t ryptophan  ( 1  1  7 ) .  The  polarisation 
of  tyrosine  in  the  presence  of  a  flavin  dye  arises  from  the 
reversible  hydrogen  atom  transfer  from  the  phenolic  OH  of 
tyrosine  (TyrH)  to  the  photo-excited  dye  ( F )  (  1  1  7  )  .  The  fla¬ 
vin  triplet  is  the  reactive  intermediate ;  the  reactions  can 
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be  written  as  follows: 

h  v 

F  - ►  1  F - ►  3  F  (  1  ) 

3  F  +  TyrH ►  FH-  +  Tyr-  (2) 

FH-  +  Tyr* ►  F  +  TyrH*  (3) 

2FH  •  - ¥  FH  2  +  F  (4  ) 

CIDNP  (indicated  by  *)  is  generated  in  a  spin-selective  re¬ 
combination  of  a  radical  pair,  as  indicated  in  reaction  (3). 
Reactions  (1)  to  (3)  constitute  a  cyclic  process  such  that 
almost  no  net  reaction  occurs,  although  reaction  (4)  causes 
some  bleaching  of  the  dye. 

The  FID  is  first  acquired  on  a  solution  containing  the 
protein,  and  a  dye  in  low  concentration;  this  is  termed  the 
’’dark"  spectrum.  The  dye  is  then  irradiated  by  an  argon  las¬ 
er  and  a  FID  is  acquired  on  the  irradiated  sample;  this  is 
termed  the  "light"  spectrum.  Alternating  "light"  and  "dark" 
free  induction  decays  are  collected  in  a  series  of  acqui¬ 
sitions,  and  then  all  of  the  "dark"  FID's  are  added  together 
and  all  of  the  "light"  FID's  are  added  together.  The  total 
"dark"  spectrum  is  then  subtracted  from  the  total  "light" 
spectrum  to  generate  the  pure  CIDNP  spectrum.  The  sign  of 
this  difference  spectrum  (absorption  or  emmision)  is  a  func¬ 
tion  of  the  nature  of  the  radicals  involved  and  can  be 
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predicted  (118). 

The  amino  acid  side  chain  must  be  accessible  to  the 
dye,  and  therefore  to  the  solvent,  for  a  CIDNP  effect  to  be 
observed.  This  method  thus  distinguishes  between  exposed  and 
buried  groups  and  yields  valuable  information  on  the  solu¬ 
tion  structure  of  proteins.  In  addition,  it  does  not  perturb 
the  system  in  any  way  as  there  is  essentially  no  net  reac¬ 
tion,  which  is  a  distinct  advantage  for  any  technique. 

E.  Spin  Decoupling 

In  order  to  simply  explain  the  theory  behind  this  tech¬ 
nique,  we  will  take  tyrosine  as  a  sample  case,  and  focus  on 
the  2,3  proton  pair.  A  proton  has  a  nuclear  spin  of  1/2 
which  allows  it  to  have  two  spin  states  in  the  presence  of 
an  applied  magnetic  field.  The  spin  states  of  protons  on  ad¬ 
jacent  carbon  atoms  can  interact,  and  it  is  these  inter¬ 
actions  which  produce  the  multiplet  nature  of  the  resonances 
observed  with  NMR .  The  number  of  li'nes  in  a  multiplet  fol¬ 
lows  the  n  +  1  rule  where  n  is  the  number  of  adjacent  pro¬ 
tons.  Both  the  2  and  3  protons  in  tyrosine  are  adjacent  to  a 
single  proton  (3  and  2  respectively)  and  they  appear  as  a 
doublet  (2  lines)  in  a  typical  spectrum.  In  essence,  the 
proton  3  can  "feel"  the  two  spin  states  of  the  proton  2,  and 
interacts  with  each  state  in  a  different  manner;  proton  3  is 
said  to  be  "spin-coupled"  to  proton  2. 


If  a  rf  field  is  applied  directly  at  the  spectral  fre¬ 
quency  of  the  resonance  of  proton  2,  it  absorbs  this  energy 
and  its  two  spin  states  will  rapidly  interconvert.  This  re¬ 
sults  in  both  the  loss  of  the  resonance  of  proton  2,  and  the 
collapse  of  the  doublet  resonance  of  proton  3  to  a  singlet 
(one  line)  as  proton  3  can  no  longer  "feel"  the  two  unique 
spin  states  of  proton  2;  proton  3  is  said  to  be  "spin-deco¬ 
upled."  Structure  elucidation  by  this  technique  involves  the 
irradiation  of  one  proton  resonance  and  the  observation  of 
the  collapse  of  multiplet  structure  for  the  other  resonances 
in  the  spectrum  to  which  the  irradiated  proton  is 
spin-coupled . 


III.  EXPERIMENTAL  PROCEDURES 


A.  Minimization  of  Metal  Ion  Contamination 

Preparation  of  Plasticized  Glassware 

The  items  to  be  treated  were  soaked  in  2%  dimethyldi- 
chlorosilane  (Sigma,  [ CH3 ] 2 [ Cl ] 2 s i lane )  for  15  minutes  and 
then  soaked  in  a  large  volume  of  double  distilled  water.  The 
items  were  then  removed  and  washed  extensively  with  double 
distilled  water  and  dried  at  room  temperature  prior  to  use. 
Collection  and  storage  of  metal-free  D20,  buffer,  and  pro¬ 
tein  solutions  in  treated  glassware  showed  none  of  the  trace 
metal  ions  contamination  which  was  evident  with  the  similar 
use  of  plastic  containers. 

Dithizone  Treatment 

About  20  ml  of  solution  was  placed  in  a  30  ml  separat¬ 
ing  funnel  which  had  been  washed  well  with  double  distilled 
water,  followed  by  spectral  grade  CCI4.  The  solution  was 
then  extracted  3  to  4  times  with  5  ml  of  0.001%  dithizone  in 
CCI4,  until  the  last  two  organic  extraction  phases  remained 
green.  The  dithizone  solution  was  dark  green  and  was  stored 
in  the  dark  at  4°C.  Up  to  20  micromolar  metal  ion  contami¬ 
nation  has  been  observed  in  the  treated  solutions. 
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Chelex  Treatment 

Approximately  1  ml  of  Chelex-100  (Bio-Rad)  was  measured 
out  in  double  distilled  water  and  then  filtered  on  a  buchner 
funnel  for  one  hour  over  bench  vacuum.  Then  2  ml  of  D20  were 
added  to  the  chelex  and  the  capped  vial  was  left  overnight 
at  room  temperature.  The  suspension  was  filtered  for  about 
10  sec  on  a  buchner  funnel  and  two  more  mis  of  D20  were 
added.  This  suspension  was  left  sitting  overnight  at  room 
temperature  or  at  37°C  for  one  hour.  The  last  step  was  then 
repeated.  The  resulting  suspension  was  agitated  and  200  ;ul 
was  removed  and  filtered  for  about  10  seconds  on  a  buchner 
funnel  before  it  was  added  to  10  ml  of  D20  or  deuterated 
buffer.  The  resulting  solution  was  left  overnight  at  room 
temperature  prior  to  use. 

B.  Preparation  of  the  Proteins  and  Peptides 

Preparation  of  the  Peptides 

Na-Acety 1-L-Aspart ic  Acid 

Ac-Asp  was  purchased  from  Sigma  and  was  used  wi¬ 
thout  further  purification. 

Na-Acetyl-L-Aspartyl-L-Glycy 1-L-Asparty 1 amide 
Ac-DGD-amide  was  synthesized  by  stepwise 
solid-phase  peptide  synthesis  on  a  Beckman  990  peptide 
synthesizer.  All  amino  acids  were  protected  at  the  a~ 
amino  position  with  Boc-groups  and  the  aspartic  acid 
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side  chain  was  protected  with  a  benzyl  group.  The  pro¬ 
gram  used  for  the  attachment  of  each  amino  acid,  the 
picrate  monitoring  method,  the  acetylation  procedure  for 
the  N-terminus  of  the  peptide,  and  the  HF  peptide  clea¬ 
vage  conditions  were  as  previously  described  (119).  The 
C-terminal  amide  was  obtained  directly  by  HF  cleavage  of 
the  peptide  from  a  benzhydry lamine  polysterene,  2% 
divinylbenzene  support  (Protein  Research  Foundation,  Ja¬ 
pan).  The  purity  of  the  cleaved  product  was  verified  by 
high  voltage  paper  electrophoresis  at  pH  6.5  prior  to 
acetylation  of  the  N-terminus  when  ninhydrin  detection 
was  possible.  The  Na-acety la t ed  product  showed  a  single 
sharp  peak  on  high  pressure  liquid  chromatography  (HPLC) 
on  a  SynChropak  RP-P  reverse-phase  column 
(4.1  mm  X  25  cm)  in  0.1%  t r i f luoroacet ic  acid/H20.  The 
composition  and  concentration  of  the  pure  peptide  stock 
solution  was  verified  by  amino  acid  analysis:  Asp 
(2.05),  Gly  (0.95).  The  'H  NMR  spectrum  was  consistent 
with  the  given  structure. 

Preparation  of  the  DTNB  Light  Chains  of  Rabbit  Skeletal 
Muscle 

Myosin  was  prepared  from  frozen  rabbit  muscle 
(Pel-Freez  Biologicals,  Inc.)  by  the  method  of  Weeds  and 
Hartley  (120);  in  some  preparations  batchwise  treatment  with 
DEAE-sephadex  A-50  was  used  to  remove  r ibonucleoprotein .  The 
resulting  myosin  solution  (10-15  mg/ml)  was  dialyzed  against 
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0 . 5M  KC1,  10  mM  EDTA ,  5mM  EGTA,  pH  8.5  and  then  against  the 
same  buffer  without  EGTA.  The  DTNB  light  chains  were  then 
isolated  according  to  the  method  of  Weeds  and  Lowey  (121). 
The  lyophilized  residue  was  dialyzed  against  0 . 5M  KC1 ,  10  mM 

EDTA,  pH  7.8  (122)  until  all  of  the  excess  DTNB  was  gone, 
and  then  dialyzed  exhaustively  against  the  same  buffer  plus 
10  mM  2-mercaptoethanol  to  unblock  the  thiols  of  the  light 
chains.  The  entire  preparation  was  carried  out  at  4°C  and 
the  protein  was  stored  at  0°C  in  the  lyophilized  form.  The 
buffers  were  prepared  by  weight  of  their  constituents  and 
were  not  pre-treated  prior  to  use. 

Preparation  of  Bovine  Brain  SlOOb 

SlOOb  protein  was  prepared  and  purified  by  Dr.  R.  Mani 
(Department  of  Biochemistry,  University  of  Alberta)  from  bo¬ 
vine  brain  as  previously  described  (123,124).  SlOOb  protein 
used  in  the  present  study  was  homogeneous  according  to  pre¬ 
vious  criteria  (123,124),  including  PAGE  in  the  presence  and 
absence  of  SDS ,  and  the  absence  of  tyrptophan,  as  revealed 
by  ultraviolet  absorption  and  derivative  spectra. 

Preparation  of  Porcine  Intestinal  Calcium  Binding  Protein 

Porcine  intestinal  CaBP  was  purified  from  the  mucosa  of 
the  duodenum  and  the  jejunum  by  Ms.  M.  Kawakami  and  Mr.  J. 

D.  J.  O'Neil  (The  University  of  Toronto)  as  described  pre¬ 
viously  (124,125).  It  was  of  high  purity  as  judged  by  the 
absence  of  histidine,  half  cystine,  methionine,  and 
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tryptophan  upon  amino  acid  analysis.  The  protein,  as  iso¬ 
lated,  was  judged  to  be  calcium-saturated  by  comparison  of 
its  'H  NMR  spectrum  with  that  of  the  desalted  protein  after 
addition  of  excess  calcium,  and  especially  by  the  presence 
of  non-exchangeable  NH  resonances  even  after  the  protein  was 
dissolved  in  D20  for  several  days;  these  resonances  dis¬ 
appear  when  the  apo  protein  is  dissolved  in  D20.  The  protein 
was  desalted  using  the  following  procedure.  1)  A  four  ml  so¬ 
lution  of  2  mg/ml  of  ICaBP  was  made  up  in  10  mM  Tris,  150  mM 
NaCl,  10  mM  EDTA,  pH  8.5  and  let  set  a  minimum  of  one  hour 
at  4°C.  It  was  then  passed  down  a  G~25  medium  Sephadex  co¬ 
lumn  (34  X  2.2  cm;  Pharmacia)  over  Chelex  (2  X  2.2  cm; 
Bio'Rad,  100-200  mesh)  in  the  same  buffer  without  EDTA 
(125);  the  flow  rate  was  c.a.  0.7  ml/min  and  the  Tris  buffer 
used  was  pretreated  by  running  it  down  a  chelex  100  column 
(25  X  4.5  cm;  100-200  mesh).  The  eluted  protein  was  then 
freeze  dried  and  made  up  to  4ml  with  double  distilled,  de¬ 
mineralized  water.  This  sample  was  immediately  passed  down  a 
G-25  medium  (16  X  1.5  cm)  over  G-25  course  (69  X  1.5  cm) 
over  chelex  (7  X  1.5  cm)  column  in  the  same  water;  the  flow¬ 
rate  was  c.a.  0.2-0. 6  ml/min.  All  of  the  columns  used  for 
desalting  were  run  at  4°C.  The  eluted  protein  (referred  to 
as  the  apo  protein  hereafter)  was  then  freeze  dried  and  lyo- 
philized  once  from  D20. 
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C.  Preparation  of  Stock  Metal  Ion  Solutions 

Calcium  Stock  Solutions 

Rabbit  Skeletal  DTNB  Light  Chains 

To  allow  for  a  greater  range  of  added  calcium  in 
this  particular  titration,  three  calcium  stock  solutions 
(0.9  M,  0.11  M,  and  0.06  M)  were  prepared  from  CaCl2 
directly  as  purchased  (Merck,  Sharpe,  and  Dohme )  and  the 
final  concentrations  were  determined  by  titration  with 
EDTA  (126)  in  0.1M  NaOH,  using  murexide  as  the  indica¬ 
tor  . 

Bovine  Brain  SlOOb 

Stock  calcium  solutions  were  prepared  from  anhy¬ 
drous  CaCl2  by  weight  in  the  same  buffer  as  the  protein 
samples.  The  final  concentrations  were  determined  by  ti¬ 
tration  with  EDTA  (126)  in  0.1  M  NaOH,  using  murexide  as 
the  indicator,  and  by  atomic  absorption  spectrophoto¬ 
metry.  The  total  volume  change  over  the  Ca'2/K*  titra¬ 
tions  was  4%. 

Porcine  Intestinal  Calicum  Binding  Protein 

Stock  calcium  solutions  were  prepared  from  CaCl2 
(anhydrous)  or  CaCl2*2H20  by  weight  and  the  final 
concentrations  were  determined  by  titration  with  EDTA 
(126)  in  0.1  M  NaOH,  using  murexide  as  the  indicator, 
and  by  atomic  absorption  spectrophotometry.  The 
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solutions  were  made  up  in  the  same  buffer  as  the  pro¬ 
tein,  treated  with  dithizone  or  chelex,  and  the  pH  was 
readjusted  to  the  original  buffer  pH.  The  final  calcium 
ion  concentrations  in  the  sample  were  determined  from 
the  atomic  absorption  results  for  the  standard  calcium 
solution  used  for  the  titration.  The  result  was  35.1  ppm 
(35.0  mM) .  The  results  for  the  'H  NMR  sample  itself  af¬ 
ter  titration  were  slightly  low  (-19%),  possibly  due  to 
protein  interference.  The  total  volume  change  over  the 
calcium  titration  was  2%. 

Lanthanide  Stock  Solutions 

Peptide  Titrations 

The  stock  solutions  used  in  the  Ac-Asp  titrations 
were  made  up  from  the  lanthanide  chlorides  (Alpha  Inor¬ 
ganics)  directly  by  the  addition  of  ca.  1  ml  of  D20.  The 
Er+3  and  Dy+3  solutions  did  not  dissolve  readily  so  the 
pH  was  increased  slowly  until  dissolution  occurred.  The 
resulting  clear  solutions  were  made  up  to  a  final  volume 
of  2  ml,  the  pH  was  adjusted  to  6.5,  and  the  solutions 
were  filtered  through  cotton  wool.  The  final  concen¬ 
trations  of  each  stock  solution  were  determined  by  ti¬ 
tration  with  EDTA  (126)  in  pH  6.0  MES  buffer,  using  xy- 
lenol  orange  as  the  indicator  and  were  ca.  250  mM  (ex¬ 
cept  for  YbCl3,  which  was  22  mM) . 
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The  stock  solutions  for  the  Ac-DGD-amide  titrations 
were  made  from  the  lanthanide  oxides  (Alpha  Inorganics) 
via  treatment  with  hot  HC1  in  double  distilled  H20.  The 
dissolved  oxide  solution  was  filtered  through  a  mi  1 1  i  - 
pore  filter,  dithizoned,  and  rotovapped  to  dryness.  The 
residue  was  lyophilized  from  D20  overnight  and  then  made 
up  to  volume  in  30  mM  imidazoie-d4 ,  20  mM  KC1 ,  pH  6.5 
buffer  which  had  been  previously  dithizoned.  The  pH  was 
adjusted  to  ca.  5.8,  the  solution  was  filtered  again, 
and  the  final  lanthanide  concentration  was  determined  as 
outlined  above. 

The  only  problem  with  these  studies  was  that  there 
was  a  great  deal  of  water  present  in  some  of  the 
samples,  resulting  in  a  large  HDO  resonance  in  the  'H 
NMR  spectra;  the  size  of  this  resonance  increased  as  the 
sample  was  titrated  with  the  lanthanide  and  this  HDO 
resonance  obscured  several  of  the  LSR  in  the  resulting 
spectra.  It  was  apparent  that  lycphi 1 i zat i on  of  the  lan¬ 
thanide  standards,  prior  to  their  being  made  up  again  in 
D20,  was  not  effective  in  removing  the  water  coordinated 
to  them;  the  lanthanide  chlorides  are  very  hygroscopic 
and  pick  up  water  readily.  Towards  the  end  of  this  pro¬ 
ject  (the  Lu+ 3  titration  of  Ac-DGD-amide),  it  was  found 
that  heating  the  lanthanide  chlorides  overnight  under 
vacumn  (pump)  at  high  temperature  (80°  C)  was  a  much 
more  efficient  and  a  much  easier  (due  to  the  tendency  of 
the  stock  solutions  to  bump  when  they  were  lyophilized) 
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method  of  drying  them. 

Rabbit  Skeletal  DTNB  Light  Chains 

The  LaCl3  stock  solution  was  made  up  in  double  dis¬ 
tilled  water,  the  other  lanthanide  stock  solutions  were 
made  up  in  the  CD  buffer;  they  were  all  ca.  1  M  in  con¬ 
centration.  All  the  lanthanide  stock  solutions  were  pre¬ 
pared  directly  from  the  chlorides  as  purchased  (Alpha 
Inorganics)  and  their  concentrations  were  determined  by 
titration  with  EDTA  (126)  in  0.1M  MES ,  pH  6.0  using  xy- 
lenol  orange  as  the  indicator. 

Porcine  Intestinal  Calcium  Binding  Protein 

Stock  YbCl3  (Alpha  Division)  solutions  were  pre¬ 
pared  by  weight  and  the  final  concentrations  were  deter¬ 
mined  by  titration  with  EDTA  (126)  in  0.1M  MES,  pH  6.0 
using  xylenol  orange  as  the  indicator.  The  solutions 
were  made  up  in  the  same  buffer  as  the  protein,  treated 
with  dithizone,  and  the  pH  was  readjusted  to  a  final  pH 
of  6.5. 

EDTA  Binding  Studies 

Stock  calcium  solutions  were  prepared  from  anhy¬ 
drous  CaCl2  by  weight  in  the  same  buffer  as  the  protein 
samples.  The  final  concentrations  were  determined  by  ti¬ 
tration  with  EDTA  (126)  in  0.1  M  NaOH,  using  murexide  as 
the  indicator,  and  by  atomic  absorption  spectro¬ 
photometry  . 
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D.  The  Determination  of  Ca*2  and  Lanthanide  Concentrations 

Calcium  Titrations 

To  1  ml  of  double  distilled  water  was  added  25  m1  of  a 
0.1  M  neutral  stock  solution,  with  stirring.  Immediately 
prior  to  titration,  11  m1  of  1.0  M  NaOH  was  added,  followed 
by  one  drop  of  a  stock  solution  of  murexide  (a  fresh  solu¬ 
tion  of  2  mg  of  murexide  in  10  ml  double  distilled  water). 
The  resulting  solution  was  immediately  titrated  from  red  to 
violet,  with  stirring.  The  pH  of  the  solution  after  the  ad¬ 
dition  of  NaOH  should  be  13.  The  titrant  solution  was  30  mM 
EDTA  (126)  in  double  distilled  water. 

Lanthanide  Titrations 

To  one  ml  of  100  mM  MES,  pH  6.0  is  added  5  m 1  of  a  1.0 
M  lanthanide  stock  solution,  with  stirring.  Then  1  drop  of 
0.05%  xylenol  orange  is  added  and  the  resulting  solution  ti¬ 
trated  with  100  mM  MES,  30  mM  EDTA  (126),  pH  6.0. 

E.  pH  Measurements 

The  pH  measurements  were  made  with  an  Ingold  microele¬ 
ctrode  (model  6030-04)  or  a  Radiometer  electrode  (model 
GR2321C)  attached  to  a  Beckman  Expandomatic  SS-2  or  a  ra¬ 
diometer  PHM62  pH  meter;  the  pH  values  quoted  are  those  ob¬ 
served  and  are  not  corrected  for  the  deuterium  isotope  ef¬ 
fect  on  the  glass  electrode  (these  values  are  cites  as  pH  or 
pD) .  Electrode  standardization  was  achieved  prior  to  each 
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measurement  using  Fisher  standard  buffers  4,7,  and  10.  pH 
adjustments  were  made  by  the  addition  of  small  aliquots  of 
DC1  and/or  chelexed  NaOD.  The  sample  pH  was  measured  immedi¬ 
ately  prior  to  acquisition,  and  the  samples  were  equili¬ 
brated  10  to  15  minutes  prior  to  acquisition.  Values  above 
pH  11  were  not  corrected  for  Na+  interference  and  thus  can¬ 
not  be  considered  more  accurate  than  ±0.2  pH  units  (127). 
pH  adjustments  were  made  by  addition  of  small  volumes  of  di- 
thizoned  DC1  and/or  chelexed  NaOD  (0.5M).  The  sample  pH  was 
measured  immediately  prior  to  the  accumulation  of  spectra. 
The  total  volume  change  during  the  pH  titrations  of  ICaBP 
was  12%.  The  total  volume  change  over  the  SlOOb  titrations 
was  11-20  %,  primarily  due  to  loss  of  sample  on  the  ele¬ 
ctrode.  The  pH  values  for  the  extraction  and  reaction  buf¬ 
fers  employed  to  prepare  the  DTNB  LC  are  cited  at  4°C.  The 
electrode  was  soaked  in  saturated  KC1  at  this  same  tempera¬ 
ture  for  15  to  20  minutes  prior  to  the  pH  measurements.  The 
double  distilled  water  used  to  wash  the  electrode,  the  HC1 
and  KOH  solutions  used  to  adjust  the  pH,  and  the  buffer  be¬ 
ing  adjusted  were  all  cooled  to  this  same  temperature  prior 
to  adjustment. 

F.  Amino  Acid  Analysis 

A  small  aliquot  of  protein  solution  was  lyophilized  in 
a  test  tube  which  had  been  fired  by  heating  at  150°C  for 
more  than  five  hours  (A  small  aliquot  of  norleucine  standard 
was  first  added  to  the  protein  solution  in  the  DTNB  LC 
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determinations).  Then  6N  HC1-1%  phenol  was  added,  the  tube 
was  vacumn  sealed  and  then  heated  for  24  hours  at  110°  C. 

The  seal  was  broken,  the  HC1  was  pumped  off,  and  amino  acid 
analysis  was  performed  as  usual.  The  results  for  each  DTNB 
LC  sample  were  normalized  by  the  norleucine  content  and  the 
concentrations  determined  using  the  known  amino  acid  content 
of  the  DTNB  LC .  Four  separate  aliquots  of  this  sample  were 
run,  along  with  two  standard  solutions.  The  amino  acid  con¬ 
tents  of  the  DTNB  LC  were  determined  by  taking  the  total 
nmoles  in  the  output  and  dividing  them  by  the  total  number 
of  amino  acids  in  the  DTNB  LC .  This  gave  the  average  number 
of  nmoles/amino  acid.  The  number  of  nmoles  in  the  output  for 
any  one  amino  acid  was  then  divided  by  this  number  to  yield 
the  amount  of  that  particular  amino  acid. 

G.  SDS  Polyacrylamide  Gel  Electrophoresis 

The  procedure  adopted  for  SDS  polyacrylamide  gel 
electrophoresis  has  been  cited  in  the  literature  (128).  Pro¬ 
tein  samples  with  concentrations  ranging  from  0.5  to  1  mg/ml 
were  made  up  in  50mM  sodium  phosphate  buffer  at  pH  7,  and 
then  dialysed  against  this  same  buffer.  After  dialysis,  SDS 
and  2-mercaptoethanol  were  added  to  the  solutions  to  a  final 
concentration  of  1%,  and  they  were  heated  at  37°C  overnight 
(or  at  50-60°C  for  one  hour).  After  cooling,  one  drop  of 
0.5%  bromophenol  blue  in  0.1M  phosphate  buffer  and  one  drop 
of  80%  glycerol  were  added.  Then  10  to  60  #xl  of  the  result¬ 
ing  solution  were  applied  to  a  10%,  100  mm  vertical  slab  gel 
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(Bio-Rad  apparatus)  and  run  at  50  mA  (40V)  for  several 
hours.  The  gels  were  fixed  for  a  minimum  of  30  minutes  in 
50%  methanol,  10%  acetic  acid  and  stained  for  one  hour  in 
0.5%  Commassie  Brilliant  Blue,  dissolved  in  the  same  so¬ 
lvent.  The  gels  were  destained  in  three  steps,  the  first  was 
for  15  to  20  minutes  in  the  methanol : acet ic  acid  solution 
above,'  and  then  destained  overnight  in  10%  me tha'nol ,  1 0% 
acetic  acid,  and  once  again  in  a  fresh  aliquot  of  this  lat¬ 
ter  solution  until  the  gels  were  clear.  The  three  standard 
proteins  were  cardiac  tropomyosin,  soybean  trypsin  inhibi¬ 
tor,  and  lysozyme.  The  Rf  values  for  each  of  the  four  pro¬ 
teins  were  determined  using  densitometry. 

H.  Ultraviolet  Spectrophotometry 

Protein  concentrations  were  routinely  determined  using 
cell  with  a  path  length  of  1  cm.  The  following  extinction 
coefficients  were  employed:  myosin,  e  2°8°o  =  5.6  in  0 . 5M  KC1 
(120,121);  DTNB  LC ,  ef§0  =  5.0  in  0.5  M  KC1  (122);  SI  00b, 

=  2.4  (123);  ICaBP,  0.170  and  =  0.190 

ml *mg" 1 *cm" 1  (26).  The  UV  spectra  of  SlOOb  and  the  DTNB  LC 

were  obtained  on  a  Cary  1180  recording  spectrophotometer, 
while  those  the  ICaBP  protein  were  obtained  on  a  Cary  14  re¬ 
cording  spectrophotometer. 
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I.  Circular  Dichroism 

Sample  Preparation 

Rabbit  Skeletal  DTNB  Light  Chains 

For  the  CD  spectra,  the  lyophilized  protein  was 
dialyzed  at  4°C  against  100  mM  MOPS,  0.1M  KC1,  ImM  EDTA , 
10  mM  /3-mercaptoethanol ,  pH  7.25,  and  then  against  100 
mM  MOPS,  50  mM  KC1,  1  mM  EGTA ,  pH  7.25  until  equilib¬ 
rated.  The  protein  concentrations  were  48  to  61  nM,  and 
were  verified  by  amino  acid  analysis. 

Data  Aquisition  Parameters 

Rabbit  Skeletal  DTNB  Light  Chains 

The  CD  spectra  were  measured  at  room  temperature  on 
a  Cary  Model  60  spectrapolar imeter  with  a  CD  accessory. 
The  results  are  expressed  as  molar  ellipticity  ([0])  in 

deg • cm 2 • dmol ' 1  calculated  using  the  equation  [©]  =  6 • MRW 

10  -c  *1 

where  MRW  is  the  mean  residue  weight  (based  on  a  molecu¬ 
lar  weight  of  19,000  and  a  sequence  of  169  amino  acids 
for  the  DTNB  light  chain)  ©  is  the  observed  ellipticity 
in  degrees,  /  is  the  path  length  =  0.0501  cm,  and  c  is 
the  concentration  of  the  protein  in  grams/ml.  The  exper¬ 
iments  were  carried  out  at  room  temperature  and  the 
sample  volumes  were  750  to  850  jul 
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Porcine  Intestinal  Calcium  Binding  Protein 

The  CD  spectra  were  measured  at  room  temperature  on 

a  J-500  spect ropolar imeter  (Japan  Spec t roscopic  Co.) 

equipped  with  a  built-in  data  processor.  The  spectra 

were  signal  averaged  eight  times  to  reduce  noise.  The 

results  are  expressed  as  molar  ellipticity  ([6])  in 

deg • cm2 • dmole ' 1  calculated  using  the  equation 

[6]  =  100*6  where  c  is  the  molar  protein  concent  rat  ion , 
c  •  1 

/  is  the  path  length  in  centimetres,  and  8  is  the  ob¬ 
served  ellipticity  in  degrees. 

J.  Nuclear  Magnetic  Resonance 

Sample  Preparation 

Peptide  Samples 

Na- Acetyl -L- As part ic  Acid 

A  stock  solution  of  Ac-Asp  was  prepared  in  D  20 
and  the  pH  adjusted  to  6.50  with  NaOD.  Suitable  di¬ 
lutions  of  this  stock  were  used  to  give  a  final 
sample  concentration  of  2  mM  peptide  in  D20;  the 
final  sample  volume  was  500  ii  1  Each  sample  was  made 
up  to  0.5  mM  DSS  and  the  final  pH  was  6.5  prior  to 
t i trat ion . 


Na-Acety 1  - L -As party 1-L-G1 ycy / - L -As party  1  am i de 
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Aliquots  of  a  stock  solution  of  Ac-DGD-amide  in 
D20,  whose  concentration  was  determined  by  amino 
acid  analysis,  were  diluted  in  separate  vials  such 
that  the  final  peptide  concen t rat  ion  would  be  C3.  2 
mM.  The  diluted  samples  were  lyophilized  and  made  up 
to  volume  in  30  mM  imidazole~d4  (Merck  Sharp  and 
Dohme ) ,  20  mM  KC1,  pH  6.5  buffer  in  D20  which  had 
been  previously  treated  with  dithizone;  the  exact 
concentration  of  each  sample  was  determined  by  amino 
acid  analysis,  and  the  sample  volume  ranged  from  350 
to  400  jul 


Protein  Samples 


Rabbit  Skeletal  DTNB  Light  Chain 

For  the  NMR  spectra,  the  sample  was  dialyzed 
against  10  mM  Tris,  0.1M  KC1,  1  mM  EDTA ,  10  mM  2- 

-mercaptoethanol ,  pH  7.5,  and  then  again  against  10 
mM  Tris,  60  mM  KC1,  pH  7.5.  The  dialysate  was  lyo¬ 
philized,  made  up  to  250  jul  with  distilled  water, 
and  dialyzed  again  against  10  mM  Tris,  50  mM  KC1,  pH 
7.5.  The  final  sample  volume  was  Determined  by  mea¬ 
suring  the  height  of  this  sample  in  a  5mm  NMR  tube, 
then  the  sample  was  quantitatively  removed  and  lyo¬ 
philized.  Two  ml  of  D20  were  added  to  the  dried  pro¬ 
tein  and  it  was  lyophilized  once  more.  This 
freeze-dried  protein  was  made  up  to  volume  in  D20  in 
the  same  NMR  tube  mentioned  above  and  was  left 
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standing  overnight  at  4°C;  the  final  pD  of  the 
sample,  measured  immediately  prior  to  acquisition, 
was  7.8  and  did  not  change  over  the  course  of  the 
calcium  titration. 

Bovine  Brain  SlOOb 

The  protein  solutions  were  dialyzed  against 
10  mM  Tris,  pH  7.5  or  8.5  in  the  presence  of  EDTA, 
and  then  subjected  to  exhaustive  dialysis  against 
the  same  buffer  in  the  absence  of  EDTA  (5).  The  so¬ 
lution  was  then  lyophilized  to  dryness,  and  lyophi- 
lized  once  again  from  1-2  mis  of  dithizoned  D20.  The 
sample  was  then  made  up  to  volume  with  dithizoned 
D20;  protein  concentrations  were  0.1  to  0.5  mM. 

Porcine  ICaBP 

The  protein  solutions  were  made  up  to  volume  in 
30  mM  imidazole-d 4  (Merck  Sharp  and  Dohme ) ,  20  mM 
KC1,  pH  6.5;  the  concentrat ion  of  ICaBP  was  ca. 
0.5mM.  The  only  exception  was  for  the  CIDNP  exper¬ 
iments  for  which  the  buffer  was  10  mM  Tris,  40  mM 
KC1,  pH  7.5,  where  the  concentration  of  ICaBP  was 
ca.  0.6  mM.  Both  NMR  buffers  were  pretreated  with 
dithizone  to  remove  contaminating  metal  ions.  The 
concentration  of  the  sample  used  in  the  calcium  ti¬ 
tration  was  determined  by  UV  spectrophotometry  and 
verified  by  amino  acid  analysis.  A  typical  sample 
size  was  350  mL . 
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The  initial  experiments  performed  on  this  pro¬ 
tein  were  those  involving  the  addition  of  Yb+ 3  to 
the  protein.  In  these  experiments  we  took  the  pro¬ 
tein  as  received  and  dialyzed  it  against  H20.  It  was 
then  freeze-dried  and  made  up  to  volume  in  the  buf¬ 
fer  outlined  above.  The  ’H  NMR  spectra  of  these 
samples  prior  to  the  addition  of  Yb+ 3  indicated  that 
the  protein  was  calcium-saturated  and  that  there  was 
some  imidazole  present. 

Standard  Molecules 

EDTA 

A  suitable  quantity  of  Na2EDTA  was  weighed  out 
and  placed  in  a  preheated  plasticized  vial.  The 
sample  was  then  heated  at  80°C  overnight  under  a 
bench  vacumn.  The  sample  was  removed,  covered  with  a 
filter  paper,  and  allowed  to  cool  in  a  dessicator 
over  drierite.  The  cooled  sample  was  capped  and  re¬ 
weighed  to  obtain  a  final  determination  of  the  solid 
EDTA  content.  The  resulting  solid  was  made  up  to  vo¬ 
lume  in  chelexed  buffer.  The  loss  in  weight  of  the 
EDTA  after  heat  treatment  was  16  to  19%.  This  proce¬ 
dure  is  a  modification  of  that  employed  to  prepare 
the  EDTA  standards  used  to  titrate  the  stock  metal 
ion  solutions  (126). 


66 


Acquisiton  Parameters 

The  NMR  spectra  were  obtained  using  a  Broker  HXS-270 
NMR  spectrometer  operating  in  the  Fourier  transform  mode  and 
equipped  with  quadrature  detection.  The  ambient  temperature 
for  the  samples  was  299°K,  unless  otherwise  stated,  and  all 
of  the  samples  were  equilibrated  10-15  minutes  prior  to  ac¬ 
quisition.  The  HDO  resonance  was  suppressed  with  homonuclear 
decoupling.  Chemical  shift  values  are  relative  to  the  major 
resonance  of  DSS  as  an  internal  or  external  standard. 

Peptide  Studies 

The  parameters  used  for  the  Ac-Asp  spectra  were  4K 
data  points  (8K  for  Lu+3);  sweep  width  ±1000  (Lu+3),  ± 
3164  ( Yb+  3 ) ,  ±8064  (Tm+ 3 ,  Er+3,  Ho+3),  ±  25,000  (Dy+3); 

7  Msec  pulse  (ca.  70°).  The  delay  times  between  acquis- 
tions  were  250  Msec  (Yb+3,  Lu+3),  100  msec  (Dy*3),  and 
500  msec  (Tm+ 3 ,  Er+3,  Ho+3).  The  paramaters  for  the 
Ac-DGD-amide  spectra  were  4K  data  points  (8K  for  Lu+3); 
sweep  width  ±1000  (Lu+3),  ±3166  (Yb+3),  ±6329 
(Ho+3,Tm+3,  Er"3),  ±15,152  (Dy+3);  filter  width=2x  sweep 
width  ( Butterworth ) ;  8  Msec  pulse  (ca.  80°).  The  delay 
time  between  acquisitons  was  250  Msec  for  all  of  the  ti¬ 
trations.  DSS  was  used  as  an  internal  standard. 

DTNB  LC  Studies 

The  acquistion  parameters  were  4K  data  points, 
sweep  width  ±  2300  Hz,  filter  width  2500  Hz  (Butter- 
worth),  and  8  m sec  pulse  length  (ca.  80°).  DSS  was  used 
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as  an  internal  standard. 

SlOOb  Studies 

The  parameters  used  for  the  spectra  were  typically 
4K  data  points,  sweep  width  ±2300  Hz,  filter  width  5000 
Hz  (Bessel),  8  ^sec  rf  pulse  (  80°).  The  HDO  resonance 
was  suppressed  with  homonuclear  decoupling.  Chemical 
shift  values  are  relative  to  the  major  resonance  of  DSS, 
which  was  measured  separately.  During  the  pH  titration 
(pH  5.6  to  8.5),  the  histidine  resonances  were  isolated 
from  the  rest  of  the  spectrum  using  the  Hahn  Spin  Echo 
Pulse  Sequence  (129). 

ICABP  Studies 

The  decoupling  experiment  for  the  calcium-saturated 
protein  was  carried  out  at  333°K.  The  parameters  used 
for  the  spectra  were  typically  4K  data  points,  sweep 
width  ±2300  Hz,  filter  width  2500  Hz  ( Butterwor th )  or 
5000  Hz  (Bessel),  8  Msec  pulse  (-80°).  For  the  ytterbium 
spectra,  the  sweep  widths  were  typically  changed  to 
±20,000  Hz  and  the  filter  width  to  40,000  Hz,  and  the 
pulse  width  to  7  Msec  (-70°).  The  pulse  response  of  the 
Bessel  filters  in  the  spectra  of  the  ytterbium- 
-substituted  protein  produced  a  .rolling  baseline  which 
made  presentation  of  the  very  broad  lanthanide-shifted 
resonances  difficult.  Consequently,  a  baseline  correc¬ 
tion  was  made  to  these  spectra  by  fitting  the  baseline 
to  a  polynomial  of  the  type 
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y  =  A  +  T ( x )  +  W(x) 2  +  U ( x ) 3 

and  subtracting  this  from  the  spectrum.  Chemical  shift 
values  are  relative  to  the  major  resonance  of  DBS,  which 
was  measured  separately  under  identical  conditions 
(30  mM  imidazole-du ,  20  mM  KC1,  pH  6.5).  For  the  spectra 
which  are  resolution  enhanced,  the  FID  was  apodized  by 
double  exponential  multiplication  (DM  =  4.0). 

EDTA  Studies 

The  parameters  used  for  the  spectra  of  EDTA  were 
typically  4K  data  points,  sweep  width  ±2300  Hz,  filter 
width  2500  Hz  ( But terwor th ) ,  8  Msec  pulse  (-80°).  Chem¬ 
ical  shift  values  are  relative  to  the  major  resonance  of 
DSS,  which  was  measured  separately  in  30  mM  imidazole- 
da  ,  20  mM  KC1 ,  pH  6.5. 

K.  Calculations  and  Theoretical  Determinations 

Determin iat ion  of  a-Helix,  (3-Sheet,  and  [3-Turn  Content  for 
Rabbit  Skeletal  DTNB  Light  Chain 

Theoretical 

The  sequence  of  the  protein  was  analysed  in  four 
residue  segments  contents  using  published  probability 
paramaters  (130).  The  resulting  averaged  probabilities 
for  each  of  the  three  possible  structural  types  were 
plotted.  The  portions  of  the  sequence  which  showed  the 
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highest  probabilities  of  each  of  the  three  types  were 
then  analyzed  carefully  for  single  residues  and/or  lin¬ 
ear  sequences  which  showed  /6-sheet,  /S-turn,  and  helix- 
-breaker  sequences.  Any  segments  which  had  significant 
breaking  capacity  were  then  eliminated,  and  the  remain¬ 
ing  sequence  regions  became  the  maxiumum  theoretical  de¬ 
terminations  for  a-helix.  These  same  regions  were  then 
analyzed  in  the  same  manner  using  hydrophobic  probabili¬ 
ty  parameters  (132)  in  order  to  better  define  the  helix 
boundaries,  and  to  obtain  a  minimum  theoretical  a-helix 
content . 

Observed 

The  observed  %  a-helix  values  were  determined  by  CD 
using  from  the  known  ell ipt ic i t ies  at  210,  215,  and  220 
nm  and  published  values  for  the  a-helix,  £-sheet,  and  /S- 
turn  ell ipt ic i t ies  at  these  wavelengths  (132).  We  as¬ 
sumed  that  the  fractions  of  all  three  types  of  these 
structures  added  up  to  1 ,  solved  two  simultaneous  equa¬ 
tions  for  each  possible  pair  of  wavelengths,  and 
averaged  the  three  resulting  determinations. 

L.  Laser  Photochemical  Induced  Dynamic  Nuclear  Polarization 
-  CIDNP 

Laser  photo  CIDNP  experiments  were  performed  by  utiliz¬ 
ing  a  Spectra  Physics  Model  164  argon  ion  laser  operating  at 
3.2  W  in  the  multiline  mode;  10  mm  o.d.  flat-bottomed  NMR 
tubes  were  used.  The  sample  was  irradiated  for  Is,  the  laser 


I  hs\  r  3  ",  r  C3  c:  •o.r-sr  -  - 
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beam  being  directed  into  the  bottom  of  the  sample  via  a 
computer-controlled  shutter  and  mirror  (29).  The  buffer  was 
10  mM  Tris-HCl,  pH  7.5.  The  [FMN]0  for  the  apo  protein  was 
0.19  mM  and  it  was  0.39  mM  for  the  calcium-saturated  protein 
experiment.  The  sample  volume  was  1.2  ml.  The  [ S 1 0 0 b ] 0  was 
-0.4  mM,  and  the  [lCaBP]0  was  0.57  mM.  The 
[Ca + 2 ] 0/[protein ] o  was  9.17  and  4.91  respectively  for  the 
CIDNP  experiments  on  the  calcium-saturated  proteins. 


IV.  CONTACT  AND  DIPOLAR  CONTRIBUTIONS  TO  LANTHANIDE  INDUCED 


NMR  SHIFTS  OF  AMINO  ACID  AND  PEPTIDE  MODELS  FOR  CALCIUM 

BINDING  SITES  IN  PROTEINS 


A.  Introduction 

As  outlined  in  Chapter  II,  the  interpretation  of  lan¬ 
thanide  induced  shifts  in  terms  of  the  structure  of  the 
metal-ligand  complex  relies  on  the  separation  of  the  LIS 
into  its  two  components.  One  component  is  the  contact  inter¬ 
action  (110-112),  which  involves  electron  delocalization 
through  chemical  bonds  and  thus  gives  no  easily  interpreted 
structural  information.  The  second  component  is  the  dipolar 
interaction  which  is  a  "through-space"  interaction  that  de¬ 
pends  upon  the  orientation  of  the  nucleus  with  respect  to 
the  metal.  The  form  of  the  dependence  of  the  dipolar  shift 
on  the  geometry  of  the  nuclei  in  the  metal  complex  is  known 
(109-111,  Chapter  II)  and  can  therefore  be  used  to  determine 
the  three  dimensional  structure  of  residues  in  close  prox¬ 
imity  to  the  bound  metal. 

Several  methods  have  been  proposed  for  the  separation 
of  contact  and  dipolar  shifts  (84,133-135)  but  most  of  them 
rely  on  the  lanthanide-ligand  complex  observed  being  axially 
symmetric,  which  is  not  true  for  CaBP,  or  proteins  in  gener¬ 
al  (77,78,100,102,136).  We  show  herein  that,  under  certain 
conditions,  the  dipolar  component  of  the  LIS  can  be  ex¬ 
tracted  from  the  total  shift  without  prior  knowledge  of  the 
symmetry  of  the  complex  or  the  orientation  of  the  principle 
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axis  system  of  the  magnetic  susceptibility  tensor.  The  se¬ 
paration  of  the  contact  and  dipolar  components  of  the  LIS  in 
this  study  required  the  use  of  several  lanthanide  ions.  When 
one  is  examining  nuclei  which  are  very  close  to  or  within 
the  metal  binding  site  of  a  protein  or  peptide,  contact 
interactions  can  become  significant.  The  lanthanide  ions  in 
the  second  half  of  the  series  (Dy+3  to  Lu+3)  were  chosen  be¬ 
cause  they  theoretically  should  include  those  lanthanides 
which  produce  the  largest  dipolar  shifts  (109,137),  the 
smallest  contac t/dipolar  shift  ratios  (137),  and  for  which 
the  absolute  value  of  the  contact  shift  is  small  (112,137). 
An  additional  consideration  in  such  studies,  since  one  is 
observing  nuclei  which  are  in  close  proximity  to  the  metal 
centre,  is  that  the  paramagnetic  metal  ion  will  result  in 
the  broadening  of  these  resonances  (97),  as  well  as  shift¬ 
ing.  The  lanthanide  ions  in  the  second  half  of  the  series 
generally  display  relatively  greater  amounts  of  line  broa¬ 
dening  than  those  in  the  first  half  of  the  series  (96,138), 
but  not  so  severe  that  most  data  can  not  be  readily  analyzed 
(99)  . 

The  calcium  binding  proteins  use  aspartic  acid,  aspar¬ 
agine,  glutamic  acid,  glutamine,  serine,  threonine,  and  pep¬ 
tide  backbone  carbonyl  groups  as  the  primary  liganding 
groups  within  their  highly  homologous  binding  sites  (1).  For 
this  reason,  we  have  chosen  to  study  the  binding  of  lan¬ 
thanides  to  the  blocked  amino  acid  Ac-Asp  and  the  blocked 
model  peptide  Ac-DGD-amide ,  in  order  to  evaluate  the 
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relative  magnitudes  of  the  contact  and  dipolar  components  of 
the  observed  LIS  in  calcium  binding  peptides  and  proteins, 
and  to  determine  which  lanthanide  studied  is  the  best  cal¬ 
cium  analogue  for  the  study  of  the  structure  of  calcium 
binding  sites. 

B.  Theory 

The  chemical  shifts  induced  by  a  lanthanide  ion  (ex¬ 
cluding  La+3  and  Lu+ 3  which  are  diamagnetic  and  are  used  as 
controls,  and  Gd+3  for  which  the  magnetic  susceptibility 
tensor  is  isotropic)  are  composed  of  two  sources:  the  con¬ 
tact  shift  and  the  dipolar  shift.  The  magnitude  and  direc¬ 
tion  of  these  shifts  are  dependent  upon  which  lanthanide 
metal  ion  is  used  and  which  type  of  nucleus  is  being  ob¬ 
served.  The  total  paramagnetic  shift  is  given  by  (135) 

Ambs-'  =  Am<S  z  >m  +  GiD,m  +  GjD2m  (1) 

where  A®135’1  is  the  observed  LIS  for  a  nucleus  /  and  lan¬ 
thanide  m ,  is  the  hyperfine  coupling  constant  between  the 
nucleus  /  and  the  unpaired  electron  spin,  <Sz>m  is  the  pro¬ 
jection  of  the  total  electron  spin  magnetization  for  the 
lanthanide  m  in  the  direction  of  the  external  magnetic 
field,  D1m  and  D2rT1  are  values  derived  from  the  magnetic  sus¬ 
ceptibility  tensor  of  the  bound  lanthanide  m  (109,136,139), 
and  Gi  and  G2  are  the  geometric  factors 
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and 


G i  =  3cos 2  6 i -  1 


G2  =  sin 2  6 i cos20 i 


where  r  ■,  m  is  the  distance  of  nucleus  /  from  the  central  ion 
m ,  0j  is  the  angle  between  rim  and  the  principle  axis  of 
symmetry,  and  0 -x  is  the  angle  between  the  projection  of  rirT, 
on  the  xy  plane  and  the  x  axis  (Figure  II. 2).  Assuming  that 
'H  NMR  shifts  are  primarily  dipolar  in  origin,  a  graphical 
solution  to  equation  1  may  be  obtained  by  rearranging  it  in 
a  suitable  manner  (133,135)  to  give 


A 


obs ,  i 
m 


<S 


z 


> 

m 


,  D, 

A1  +  — — 1 

m  <S  > 

z  m 


(2) 


For  the  series  of  the  five  lanthanides  from  Dy*3  to  Yb* 3 , 
the  theoretical  values  of  D2m/D1m  range  from  -0.64  to  +0.56 
(135).  In  addition,  previous  work  has  pointed  out  that  the 
angular  factors  for  small  ligands  are  often  such  that  G2/G} 
is  small  (e.g.  if  0  <  0j  <  40°,  1.3  <  3cos26i-1  <  2.0  and 
0  <  sin26i  <  0.4)  (102).  Thus,  although  lanthanide  complexes 
are  often  devoid  of  axial  symmetry,  we  have  analyzed  our 
data  for  the  two  ligands  Ac-Asp  and  Ac-DGD-amide  under  the 
assumption  that  these  two  factors  combine  to  make  the 
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non-axial  term  in  equation  2  small,  such  that  we  can  extract 
the  dipolar  component  of  the  LIS  from  the  observed  total 
shift  without  prior  knowledge  of  the  symmetry  of  the  complex 
or  the  orientation  of  the  principal  axis  system  of  the  mag¬ 
netic  susceptibility  tensor.  For  each  nucleus  /,  A^bs,i/<Sz>m 
is  plotted  versus  D1m/<Sz>m  for  a  series  of  lanthanide  met¬ 
als  using  theoretical  values  of  <Sz>m  and  D1m  (Table  IV. 1 ) 
(135).  This  plot  should  yield  a  straight  line  with  a  slope 
of  G{  and  an  intercept  if  the  theoretical  numbers  are  va¬ 
lid  and  if  the  assumption  outlined  above  is  correct.  Also, 
since  one  is  observing  a  series  of  lanthanide  ions  binding 
to  the  same  ligand,  all  of  the  resulting  complexes  must  be 
i sost rue tural .  Only  under  these  conditions  does  one  have  a 
constant  orientation  of  the  magnetic  susceptibility  tensor 
and  constant  values  for  the  hyperfine  coupling  constant  over 
the  series  of  metal  ions  employed  (135). 

C.  Results 

Na-Acetyl -L-Aspart ic  Acid ?  Ac-Asp  was  titrated  with 
five  paramagnetic  lanthanides  from  the  heavy  end  of  the  lan¬ 
thanide  series  (Dy+3  to  Yb+3)  and  with  the  diamagnetic  lan¬ 
thanide  Lu+  3 .  The  'H  NMR  spectra  of  the  N-acetyl  CH3  pro¬ 
tons,  the  aCH  proton,  and  the  two  /?CH2  protons  were  all  in 
the  NMR  fast  exchange  limit  in  the  presence  of  the  lan¬ 
thanides,  as  evidenced  by  the  fact  that  only  one  exchange 
averaged  resonance  was  observed  for  each  nucleus.  The  /?CH2 
protons  titrated  as  two  distinct  resonances,  and  were 
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Table  IV. 1 


The  Contact  and  Dipolar  Paramaters  for  the  Analysis  of  LISa 


Ln+  3 

E 

A 

N 

to 

V 

D  i  m 

D  2  m 

Yb 

2 . 587b 

22  c 

4 . 65  d 

Tm 

8.208 

53 

-33 . 97 

Er 

15.374 

33 

-3.77 

Ho 

22.545 

-39 

-13.64 

Dy 

31.818 

-100 

-55.73 

aTable  IV. 

bIn  units 

cScaled  to 

1  taken  from  Ref. 

of  /?H0/3kT,  from 

the  value  of  Dy , 

135. 

Ref.  112. 

from  Ref . 

109,136. 

dScaled  to 

D  =  -100  for  Dy, 

from  Ref . 

135. 
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arbitrarily  designated  the  terms  fiA  and  (SB ;  /3A  was  assigned 
to  the  (3  resonance  which  displayed  the  larger  LIS,  as  out¬ 
lined  in  Figure  IV. 1 .  The  resonances  were  broadened  and 
shifted  in  the  presence  of  the  lanthanide  ion  and  the  magni¬ 
tude  of  the  LIS  increased  as  a  function  of  increasing  con¬ 
centration  of  lanthanide  until  the  ligand  was  saturated.  The 
overlapping  (SCH2  resonances  were  resolved  into  ft  A  and  (SB  in 
the  presence  of  lanthanide.  A  typical  plot  of  the  observed 
chemical  shift  of  the  aCH  proton  as  a  function  of  the 
[M]0/[L]0  ratio  is  shown  in  Figure  IV. 2A.  The  chemical  shift 
titration  curves  all  fit  to  theoretical  curves  assuming  a 
metal  to  ligand  stoichiometry  of  1:1.  Values  for  the  dis¬ 
sociation  constant  Kd  and  the  paramagnetic  chemical  shift1 
(A°mbs'')  of  each  nucleus  in  the  Ln +  3  -  ( Ac-Asp)  complex  were 
determined  by  non-linear  least  squares  curve  fitting  proce¬ 
dures.  These  values  are  listed  in  Table  IV. 2. 

Na- Acetyl -L-Aspartyl -L-glycyl -L-Aspartyl amide:  Ac-DGD-amide 
was  titrated  with  the  same  six  lanthanide  ions  (Dy+3  to 
Lu+3)  and  again  the  NMR  spectra  of  all  four  observable 
shifting  aspartic  acid  protons  were  in  the  NMR  fast  exchange 
limit.  The  acetyl  CH3  protons  were  observed  as  a  distinct 
resonance,  but  the  two  aCH  protons  titrated  as  a  single  res¬ 
onance  and  the  four  (3CH2  protons  migrated  as  two  distinct 
resonances.  These  two  resonances  were  designated  /?A  and  /3B; 

1  The  paramagnetic  shift  values  used  in  the  analyses  were 
obtained  by  subtracting  the  chemical  shifts  determined  for 
the  diamagnetic  lanthanide  Lu+3  from  the  chemical  shifts 
determined  for  each  of  the  other  lanthanides. 
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Table  IV. 2 


The  A^5''  and  Kd  Parameters  for  the  Peptides 


A 

o  b  s  ,  i  /  . 

m  (ppm) 

Ligand 

Ln+  3 

Kd  3 
(mM) 

aCH 

acetyl 

0A 

Ac-Asp 

Yb 

0.30 

-3.  1 

+  0.4 

-10.7 

-8.9 

Tm 

0.21 

+  15.  1 

+  3.8 

-15.9 

-10.3 

Er 

0.23 

+  3.5 

+  1.2 

-10.5 

-7.7 

Ho 

0.17 

+  13.9 

-0.6 

+  26.6 

+  23.3 

Dy 

0.15 

_ b 

- b 

+  68.8 

+  62.0 

Ac-DGD- 

amide 

Yb 

0 . 2  1 c 

-3.  1 

+  0.6 

-5.9 

-0.7 

(LM) 

Tm 

— 

-3.8 

+  1.3 

-9.4 

-0.7 

Er 

— 

- b 

+  0 . 5 

-2.9 

0.0 

Ho 

— 

+  5.5 

-0.9 

+  11.5 

+  5.6 

Dy 

0.15 

+  14.0 

-1.8 

+  26.4 

+  15.6 

Ac-DGD- 

amide 

Yb 

7.45c 

-3.9 

+  0.7 

-7.7 

-1.2 

(lm2  ) 

Tm 

— 

-4.7 

+  1.9 

-13.1 

_ b 

Er 

— 

- b 

+  0.8 

-5.5 

0.0 

Ho 

— 

+  9.  1 

-1.6 

+  20.  1 

+  10.2 

Dy 

7.58 

+  21.1 

-2.5 

+  41.9 

+  23 . 3 

Kd  represents  the  average  value  for  all  observable  protons 
for  a  given  lanthanide  ion. 

bThis  data  could  not  be  determined  due  to  overlap  with  the 
HDO  resonance. 

cValue  observed  for  a  single  proton. 
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A 


Figure  IV. 1  The  'H  NMR  spectra  of  Na-Ac-Asp  in  the 
presence  and  absence  of  Er+3.  The  sample  was  2  m.M 
Na-Ac-Asp  in  D  2  0 ,  pH  6.5.  The  symbols  denote  the 
following  proton  resonances:  A,  acetyl;  a,  aCH; 
ft ,  fik ,  and  £B,  /3CH2. 

A.  The  spectrum  in  the  absence  of  Er+3. 

B.  The  spectrum  in  the  presence  of  Er+3.  The 
[Er *  3 ] o/[amino  acid]0  ratio  was  11.33. 
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Figure  IV. 2  Plots  of  the  absolute  value  of  (6obs-80) 

VS  [M]0/[L]0,  where  60bs  is  the  observed  LIS  in  ppm, 
60  is  the  shift  of  the  proton  in  the  apoprotein,  and 
[ M ] o  and  [L]0  are  the  total  lanthanide  and  peptide 
concentrations  respectively. 

A.  ’H  NMR  chemical  shift  data  for  the  titration  of 
the  aCH  proton  of  Ac-Asp  with  Yb+ 3  .  The  plotted 
curve  is  the  best  fit,  assuming  a  metalrligand  stoi¬ 
chiometry  of  1:1. 

B.  1 H  NMR  chemical  shift  data  for  the  titration  of 
the  /?B  protons  of  Ac-DGD-amide  with  Dy "  3  .  The 
plotted  curve  is  the  best  fit,  assuming  a  final 
metal:ligand  stoichiometry  of  2:1. 
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/3A  was  assigned  to  the  /?  resonance  which  displayed  the  larg¬ 
er  LIS.  The  aCH2  protons  of  the  glycine  residue  were  not  af¬ 
fected  by  the  addition  of  lanthanide.  A  typical  plot  of  the 
observed  chemical  shift  as  a  function  of  [M]0/[L]0  is  shown 
in  Figure  IV. 2B  for  one  of  the  two  observable  £CH2  reson¬ 
ances  of  aspartic  acid.  In  these  studies,  the  chemical  shift 
titration  data  all  fit  to  theoretical  curves  assuming  a  fin¬ 
al  metal  to  ligand  stoichiometry  of  2:1;  the  dissociation 
constants  and  chemical  shift  values  were  determined  by 
non-linear  least  squares  curve  fitting  procedures.  Note  that 
in  this  analysis  one  obtains  a  Kd  and  a  LIS  shift  value  for 
each  of  the  two  species  LM  and  LM2  where  L  is  the  peptide 
ligand  and  M  is  the  lanthanide  metal  ion.  The  determination 
of  the  Kd  values  in  this  case  was  much  more  difficult  due  to 
the  multiparameter  nature  of  the  program.  Good  fits  were  ob¬ 
tained  for  all  four  protons  of  the  Dy+3  titration  (one  of 
the  /?CH 2  proton  plots  is  shown  in  Figure  IV. 2B)  and  for  the 
aCH  proton  in  the  Yb+3  titration.  Since  these  five  values 
were  very  close,  and  since  previous  work  has  indicated  that 
the  values  of  dissociation  constants  for  simple  ligands  to 
not  vary  significantly  across  the  lanthanide  series 
(75,104,134),  they  were  averaged  and  the  resulting  values 
Kd t  =  0.16  mM  and  Kd2  =  7.56  mM  were  inserted  as  constants 
into  the  same  program  to  derive  the  values  of  the  para¬ 
magnetic  shift' 

1  Correction  for  the  diamagnetic  shift  was  carried  out  as 
stated  previously  for  all  the  observed  protons  except  the 
/3CH 2  protons,  which  shifted  so  little  in  the  presence  of 
Lu+ 3  that  their  separate  shifting  patterns  could  not  be 
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Figure  IV. 3  Plots  of  A^bs,'/<S2>m  v/S  Dlm/<Sz>m  for  the 
four  observable  'H  NMR  resonances  of  Ac- Asp.  The 
shifted  resonances  are  defined  by  the  symbols  x, 
aCH;  V,  CH  3  ;  •,  /2A ;  and  o,  (SB .  The  titration  solu¬ 
tion  consisted  of  2  mM  Ac-Asp  in  D20,  pH  6.5. 
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for  LM  and  LM2  for  the  rest  of  the  lanthanides  studied. 
These  values  are  shown  in  Table  IV. 2. 

For  both  Ac-Asp  and  Ac-DGD-amide ,  the  maximum  LIS  va¬ 
lues  thus  obtained  for  the  metal-ligand  complex  were  then 
used  in  equation  2  to  generate  the  plots  shown  in  Figures 
IV. 3,  IV. 4,  and  IV. 5,  using  the  <Sz>m  and  D1m  values  given 
in  Table  IV. 1  (135).  From  the  slopes  and  intercepts,  the 
corresponding  contact  ( A^'  )  and  dipolar  (At'1  )  values  were 
calculated.  Also,  an  agreement  factor 


AF 


was  calculated  (133),  where  m  is  the  rare  earth  metal  ion 
and  8  is  the  calculated  chemical  shift  (Acm’ +  A^,"  )  .  The 

observed  and  calculated  parameters  are  given  in  Tables  IV. 2 
to  IV. 6. 

D.  Discussion 

Before  looking  at  the  final  Acm  ’  and  Adm '  values,  it  is 
necessary  to  cover  the  nature  of  the  experiment  and  the  sub¬ 
sequent  K d  and  LIS  values  derived  from  the  data. 


1 ( con t ' d ) i sola ted ;  the  maxiumum  possible  shifts  for  Lu*3 
were,  however,  negligible  compared  to  the  shifts  observed 
for  the  other  lanthanides. 
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Table  IV. 3 

Calculated  Values  for  the  Slopes  and  Intercepts 
of  the  plots  A^bs’ ' /<S 2 >m  versus  Dlm/<Sz>m 


Ligand 

Proton 

Slope 

Intercept  (A^) 

Ac-Aspa 

aCHb 

-0.  1 8±0 . 0  3 

0.4310.  17 

ace  ty  lc 

0 . 02±0 . 00 

0.0210.02 

jBA 

-0 . 52±0 . 0  1 

0.3410.04 

-0 . 44±0 . 0  1 

0.3510.05 

Ac  ~  DGD-d 

aCH d,e 

-0.  1  4±0 . 00 

0.0010.00 

amide 

acetyl 

0 . 02±0 . 00 

0.0010.01 

(LM) 

/SA 

~0 . 25±0 . 0  3 

0.  18  +  0.  14 

0B 

-0 . 06±0 . 0  1 

0.23+0.05 

Ac-DGD-d 

aCHde 

-0. 1 9±0 . 00 

0 . 08i0 . 00 

amide 

acetyl 

0.0310.00 

0.0110.01 

(lm2  ) 

0A 

-0.3510. 03 

0 .3210 . 14 

£Be 

-0. 1010.02 

0.37+0.08 

^The  Tm  J  data  was  excluded  in  the  analysis. 

The  aCHproton  was  obscured  by  the  HDO  resonance  during 

the  Dy  -  titration  and  was  excluded  from  observation 
and  analysis. 

The  Dy*3  titration  of  the  acetyl  peak  was  excluded  from 
analysis  es.it  was  difficult  to  monitor  this  resonance  due 

to  the  magnitude  of  the  HDO  peak  and  the  large  sweep  width 
employed.  ^ 

dThe  aCH  protons . were  obscured  by  the  HDO  resonance  during 
el”e  Er\  3  titration  and  were  excluded  from  analysis. 

The  Tm  3  spec t ra ^became  very  complex  towards  the  end  of 
the  .  1 1 1  rat  i  on  and  the  /?B  proton  became  very  difficult  to 
monitor  accurately,  so  it  was  excluded  from  analysis. 
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Table  IV. 4 


The  Calculated  Contact  and  Dipolar  Values  for  Ac-Asp 


Ln+  3 

Proton 

AC  '  i 
m 

(ppm) 

(ppm) 

Ac,i  +Aa,i 

m  m 

(ppm) 

A c  '  i/Ad  '  i 
m  m 

AF 

Yb 

aCH 

1  .1 

-  4.0 

-  2.9 

-0.3 

o 

o 

o 

CD 

Tm 

aCH 

3.6 

-  9.5 

-  6.0 

-0.4 

Er 

aCH 

6.7 

-  5.9 

+  0.7 

-1.1 

Ho 

aCH 

9.8 

+  7.0 

+  16.8 

+  1.4 

Dy 

aCH 

12.4 

+  18.0 

+  30.4 

+  0.7 

Yb 

acetyl 

0.1 

+  0.4 

+  0.5 

+  0.1 

0.03 

Tm 

acetyl 

0.2 

+  1.1 

+  1.2 

+  0 . 2 

Er 

acetyl 

0.3 

+  0.7 

+  1.9 

+  0.5 

Ho 

acetyl 

0.5 

-  0.8 

-  0.6 

-0.6 

Dy 

acetyl 

0.6 

-  2.0 

-  1.4 

-0 . 3 

Yb 

0.9 

-11.4 

-10.5 

-0.  1 

0.01 

Tm 

0A 

2.8 

-27.6 

-24.8 

-0.  1 

Er 

0A 

5.2 

-17.8 

-12.6 

-0.3 

Ho 

0A 

7.7 

+  21.1 

+  28.8 

+  0.4 

Dy 

0A 

10.8 

+  54.0 

+  64.8 

+  0.2 

Yb 

/SB 

0.9 

-  9.7 

-  8.8 

-0.  1 

0.01 

Tm 

/SB 

3.0 

-23.3 

-20.3 

-0.  1 

Dy 

/SB 

5.5 

-14.5 

-  9.0 

-0.4 

Ho 

/SB 

8.1 

+  17.2 

+  25.3 

+  0.5 

Dy 

/SB 

11.5 

+  44.0 

+  55.5 

+  0 . 3 
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Table  IV. 5 

The  Calculated  Contact  and  Dipolar  Values 
for  the  LM  Species  of  Ac-DGD-amide 


Ln+  3 

Proton 

A  c  ,  i 
m 

(ppm) 

(ppm) 

a"'1  +A^’J 

m  m 

(ppm) 

c,i/  d,i 

AF 

Yb 

aCH 

0.0 

-3.1 

-3.1 

-0.0 

0.05 

Tm 

aCH 

0.0 

-  7.4 

-  7.4 

-0.0 

Er 

aCH 

0.0 

-  4.6 

-  4.6 

-0.0 

Ho 

aCH 

0.0 

+  5.5 

+  5.5 

+  0.0 

Dy 

aCH 

0.0 

+  14.0 

+  14.0 

+  0.0 

Yb 

acetyl 

0.0 

+  0.5 

+  0.5 

+  0.0 

0.07 

Tm 

acetyl 

0.0 

+  1.3 

+  1.3 

+  0.0 

Er 

acetyl 

0.  1 

+  0.8 

+  0.9 

+  0.  1 

Ho 

acetyl 

0.  1 

-  0.9 

-  0.9 

-0.  1 

Dy 

acetyl 

0.  1 

-  2.4 

-  2.3 

-0.  1 

Yb 

0A 

0.5 

-  5.5 

-5.1 

-0  .  1 

0.02 

Tm 

1  .5 

-13.3 

-11.9 

-0.  1 

Er 

0A 

2.7 

-  8.3 

-  5.6 

-0.3 

Ho 

4.0 

+  9.8 

+  13.8 

+  0.4 

Dy 

M 

5.6 

+  25.  1 

+  30.7 

+  0.2 

Yb 

0B 

0.6 

-  1.3 

-  0.7 

-0 . 5 

0.05 

Tm 

1.9 

-3.1 

-1.3 

-0.6 

Dy 

3.5 

-  2.0 

-  1.6 

-1.8 

Ho 

PB 

5.2 

+  2.3 

+  7.5 

+  2 . 2 

Dy 

PB 

7.3 

+  5.9 

+  13.2 

+  1.2 
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Table  IV. 6 

The  Calculated  Contact  and  Dipolar  Values  for  the  LM2 

Species  of  Ac-DGD-amide 


Ln +  3 

Proton 

c  ,  i 

Am 

(ppm) 

Am'1 

(ppm) 

c , i  +  d,  i 
^m 
(ppm) 

m  m 

AF 

Yb 

aCH 

0.2 

-  4.2 

-  4.0 

-0.  1 

0.04 

Tm 

aCH 

0.7 

-10.0 

-  9.3 

-0.  1 

Er 

aCH 

1  .3 

-  6.2 

-  5.0 

-0.2 

Ho 

aCH 

1  .9 

+  7.4 

+  9.2 

+  0.3 

Dy 

aCH 

2.3 

+  18.9 

+  21.2 

+  0.  1 

Yb 

acetyl 

0.0 

+  0.7 

+  0.7 

+  0.0 

0.05 

Tm 

acetyl 

0.  1 

+  1.8 

+  1  .8 

+  0.0 

Er 

acetyl 

0.  1 

+  1.1 

+  1.2 

+  0.  1 

Ho 

acetyl 

0.1 

-  1.3 

-  1.2 

-0.  1 

Dy 

acetyl 

0.2 

-  3.3 

-3.1 

-0.  1 

Yb 

0A 

0.8 

-  7.7 

-  6.9 

-0.  1 

0.01 

Tm 

2.6 

-18.6 

-16.0 

-0.  1 

Er 

0A 

4.9 

-11.6 

-  6.7 

-0.4 

Ho 

)8A 

7.2 

+  13.7 

+  20.9 

+  0.5 

Dy 

0A 

9.  1 

+  35.  1 

+  44 . 2 

+  0.3 

Yb 

0B 

0.9 

-  2.3 

-  1.4 

-0.4 

0.02 

Tm 

2.9 

-  5.5 

-  2.6 

-0.5 

Dy 

/SB 

5.5 

-  3.4 

-  2.0 

-1.6 

Ho 

P* 

8.0 

+  4.1 

+  12.1 

+  2.0 

Dy 

PB 

11.3 

+  10.4 

+  21-.7 

+  1.1 

88 


Figure  IV. 4  The  plot  of  A°ms’'/<Sz>m  vs  D,m/<Sz>m  for 

the  four  observable  'H  NMR  resonances  of  the  LM 
species  of  Ac-DGD-amide .  The  LIS  were  derived  using 
Kd  i  =  0.16  mM.  The  shifted  resonances  are  defined 
by  the  symbols  x  ,  aCH ;  V  ,  CH  3  ;  ♦  ,  /3A ;  and  o  ,  /?B  . 

The  titration  solution  consisted  of  2  mM  Ac-DGD- 
amide,  in  30  mM  I  mi dazole-d 4 ,  20  mM  KCL,  pH  6.5. 
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Figure  IV. 5  Plots  of  A^bs''/<Sz>m  VS  Dlm/<S2>m  for  the 
four  observable  1 H  NMR  resonances  the  LM2  species 
of  Ac-DGD-amide .  The  LIS  were  derived  using 
Kd2  =  7.56  mM.  The  shifted  resonances  are  defined 
by  the  symbols  x  ,  aCH ;  V  ,  CH  3  ;  ♦  ,  /5A  ;  and  o  ,  /? B  . 

The  titration  solution  consisted  of  2  mM  Ac-DGD- 
amide,  in  30  mM  Imidazole-da ,  20  mM  KCL ,  pH  6.5. 
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Since  the  titrations  in  this  study  were  carried  out  at 
pH  6.5,  one  would  expect  both  of  the  carboxy  groups  in  the 
two  peptides  titrated  to  be  deprotona t ed .  Previous  amino 
acid  binding  studies  at  pH  7  indicate  that  the  primary  mode 
of  metal  coordination  by  a  single  aspartic  acid  residue 
should  be  bidentate,  involving  coordination  of  both  carboxyl 
groups  to  the  metal  ion  (140-145).  The  Ac-Asp  molecule  has 
the  two  carboxyl  groups  of  aspartic  acid  as  well  as  the  car¬ 
bonyl  of  the  acetate  group  available  for  coordination. 
Ac-DGD-amide  has  the  two  carboxyl  groups  of  its  two  aspartic 
acid  residues  and  four  carbonyl  groups  available,  two  from 
the  peptide  backbone  and  one  each  from  the  acetate  and  ace¬ 
tamide  group.  Note  that  the  acetyl  subst i t ut ent s  of  both  mo¬ 
lecules  serve  to  neutralize  the  N-terminus  while  the 
C-terminal  amide  of  Ac-DGD-amide  neutralizes  the  free  car- 
boxy  end-terminal  of  that  molecule;  charge  effects  on  the  Kd 
values  and/or  modes  of  ligand  coordination  (104)  were  thus 
eliminated.  The  titrations  take  place  over  a  Ln+3/peptide 
ratio  of  0  to  12  and  thus  there  is  a  possibility  of  more 
than  one  ligand  binding  per  metal  ion  (MLn)  at  low 
metal/ligand  ratios  (75,141,143,144,146-148),  as  well  as  a 
possibility  of  more  than  one  metal  binding  per  ligand  mol¬ 
ecule  (MnL)  at  high  metal/ligand  ratios  (28). 

Ac- Asp i  The  Kd  varied  somewhat  for  each  nucleus  during 
titration  with  one  particular  lanthanide  but  the  average  va¬ 
lues  given  in  Table  IV. 2  indicate  that  they  were  fairly  con¬ 
stant  over  the  lanthanide  series  observed;  this  supports  the 
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assumption  that  the  species  were  i sost ructural .  No  correc¬ 
tion  in  the  Kd  values  was  made  for  the  effect  of  increasing 
ionic  strength  due  to  the  amount  of  lanthanide  ion  added 

(59.140.148)  or  for  the  occurrence  of  hydrolysis 

(142.143.148) .  Although  only  one  binding  mode  was  apparent 
from  the  data  and  was  subsequently  assumed  in  the  analysis, 
previous  studies  of  lanthanide  binding  to  aspartic  acid 
have,  in  fact,  shown  that  two  to  three  stability  constants 
can  be  observed,  depending  on  the  lanthanide  used  (149);  the 
additional  constants  arise  from  the  presence  of  polymeric 
species  (MLn )  at  low  metaliligand  ratios.  The  differences 
between  the  stability  constants  for  aspartic  acid  given  in 
the  literature  were  so  small  (149)  that  any  possible  differ¬ 
ences  in  our  Ac-Asp  data  would  likely  not  have  been  apparent 
even  with  more  titration  points.  In  the  Ac-Asp  case,  there¬ 
fore,  we  have  assumed  a  single  distinct  species  (ML)  existed 
at  the  end  of  the  titration  and  have  analyzed  the  data  on 
that  basis.  The  resultant  Kd  values  may  thus  be  a  composite 
of  the  two  or  three  possible  values  which  were  not  differen¬ 
tiated,  but  one  would  expect  these  values  to  be  so  similar 
that  the  total  effect  on  the  calculated  LIS  value  would  be 
minimal. 

The  plots  of  Ambs  '/<S2>m  vs  D1m/<Sz>m  for  the  four  ob¬ 
servable  protons  of  Ac-Asp  are  shown  in  Figure  IV. 3.  The 
linearity  of  these  plots  supports  the  assumption  that  only  a 
single  geometric  isomer  of  any  complex  was  present  along  the 
series  of  lanthanides  studied  and  that  the  value  of  A^  was 
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independent  of  the  lanthanide  used  (135).  The  slopes  of  the 
aCH  and  acetyl  proton  plots  are  small,  thus  the  accuracy  is 
less  than  for  the  corresponding  /3CH2  protons,  but  the  fits 
are  fairly  good,  as  evidenced  by  the  agreement  factors  (133) 
in  Table  IV. 4.  The  Tm+3  data  was  abnormal  in  all  of  the 
plots,  and  thus  was  excluded  from  the  final  determinations 
of  Am  and  the  slope;  abnormalities  in  Tm+ 3  data  have  been 
reported  previously  (73,134). 

The  relative  Acm''  values  given  in  Table  IV. 4  increase  in 
the  order  of  CH 3 </3A~/3B~aCH .  The  acetyl  group  has  a  small 
contact  contribution,  as  expected,  since  it  should  be  quite 
far  removed  from  the  metal  centre.  The  fact  that  the  rela- 

c  i 

tive  Am  is  as  great  for  aCH  protons  as  for  the  protons 
(all  of  these  protons  are  a  to  liganding  C02'  groups)  sug¬ 
gests  that  both  of  the  carboxyl  groups  are  coordinating  to 
the  metal,  as  has  been  observed  with  other  dicarboxy late  li¬ 
gands  (140,142-145).  The  relative  A^'/Am'  ratios  indicate 
that  one  cannot  assume  that  a  LIS  is  primarily  dipolar  in 
origin,  as  all  of  the  protons  appear  to  have  a  significant 
contact  component. 

Ac-DGD-am ide:  Because  this  titration  data  appeared  to 
better  fit  an  equation  which  allowed  both  LM  and  LM2  species 
to  exist,  the  Kd  and  LIS  values  were  derived  for  both  spe¬ 
cies.  One  should  note  here  that  such  a  fit  was  required  as 
the  data  (i.e.,  Figure  IV. 2B)  indicated  that  at  least  two 
separate  binding  modes  existed,  one  with  a  much  weaker  Kd . 
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Not  much  can  be  said  about  the  relative  Kd  values  for  each 
metal  as  most  of  them  could  not  be  directly  determined,  but 
the  fits  of  the  data  using  the  derived  Kd  values  given  above 
were  very  good,  supporting  previous  studies  on  different  li¬ 
gands  which  have  shown  that  the  binding  constants  for  one 
particular  small  ligand  are  effectively  the  same  for  all  the 
lanthanides  (75,104,134,138,140).  No  correction  was  made  for 
the  effects  of  ionic  strength  (140,148,149)  or  for  lan¬ 
thanide  hydrolysis  (142,143,148). 

The  plots  of  Ambs,'/<Sz>m  vs  D1m/<Sz>m  for  the  four  ob¬ 
servable  shifted  proton  resonances  of  the  LM  and  LM2  species 
of  Ac-DGD-amide  are  shown  in  Figures  IV. 4  and  IV. 5  respect¬ 
ively.  The  linearity  of  these  plots  supports  the  assumption 
that  only  a  single  geometric  isomer  of  any  complex  was  pre¬ 
sent  along  the  series  of  lanthanides  studied  and  that  the 
value  of  A,;  was  independent  of  the  lanthanide  used  (135). 

The  four  shifted  proton  resonances  in  these  titrations 
arose  from  the  aCH  and  /?CH2  protons  of  the  aspartic  acid  re¬ 
sidues,  and  the  N-terminal  CH3  group.  The  aCH  protons  of  the 
glycine  residue  were  unaffected  by  the  presence  of  the  lan¬ 
thanide  ion,  either  because  they  were  too  far  removed  from 
the  metal  centre  to  feel  its  effects,  or  because  of  their 
particular  orientation  with  respect  to  the  principle  mag¬ 
netic  axis.  The  latter  interpretation  seems  more  plausible 
as  recent  studies  on  the  site  III  binding  loop  peptide  of 
skeletal  TnC,  which  has  an  internal  asp-gly  sequence,  showed 


that  the  aCH  glycine  resonances  of  this  pepetide  were  per¬ 
turbed  by  the  additon  of  both  La+3  and  Lu+3  (193). 
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The  slopes  of  the  /SB  and  acetyl  plots  were  the  smallest 
but  again  the  fits  were  very  good  (Table  IV. 5  and  IV. 6)  and 
the  Tm+3  data  were  in  much  better  agreement  than  for  the 
case  of  the  /SA  and  aCH  protons.  The  relative  Acm'  values  for 
the  LM  species  increase  in  the  order  of  aCH<CH 3  </3A</SB .  Again 
one  assumes  that  the  metal  is  bound  to  both  C02'  groups  at 
pH  6.5.  The  ratios  indicate  that  the  observed  LIS  of 

the  aCH  and  CH3  protons  have  little  to  no  contact  contri¬ 
bution.  This  was  an  expected  result  as  these  protons  should 
be  quite  removed  from  the  metal  centre.  Note  the  large  Acm' 
contribution  for  the  /SB  protons;  any  structural  analysis 
based  on  the  initial  assumption  that  the  LIS  observed  in  1 H 
NMR  are  primarily  dipolar  in  origin  would  obviously  lead  to 
a  large  degree  of  error  for  such  protons,  and  such  effects 
have  previously  been  observed  with  ’H  NMR  (102,104). 

The  slope  and  A^  values  increase  by  ca.  60-70%  for  the 
LM2  species  (Table  IV. 3),  except  for  the  A,),  value  of  the 
aCH2  protons  which  increases  dramatically  by  comparison. 
Changes  in  both  of  these  parameters  are  to  be  expected  when 
one  goes  from  two  liganding  groups  (aspartic  acid  side  chain 
carboxyl  groups)  coordinating  to  the  same  metal  ion  to  both 
liganding  groups  each  coordinating  to  a  metal  ion,  thus  ex¬ 
periencing  a  greater  electron  spin  density.  The  fact  that  Ai, 
changes  significantly  for  the  aCH2  protons  indicates  that  a 


' 
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different  coordination  mode  is  present  in  the  LM2  species, 
such  that  the  aCH  protons  are  exposed  to  the  effects  of  the 
lanthanide  spin  to  a  much  greater  degree.  The  net  result  in 
the  final  parameters  is  a  significant  increase  in  the  Acm' 
and  Am'/Am’'  values  of  the  a-CH  protons  upon  going  from  the 
LM  species  (Table  IV. 5)  to  the  LM2  species  (Table  IV. 6).  By 
comparison,  the  changes  in  these  parameters  for  the  other 
observable  protons  are  very  small.  Much  further  work  would 
be  needed  to  interpret  these  results  accurately  in  terms  of 
structural  information. 

One  interesting  observation  in  these  titrations  is  that 
although  Ac-DGD-amide  has  two  distinct  aspartic  acid  resi¬ 
dues,  their  aCH  and  /?B  protons  remain  magnetically  equival¬ 
ent  throughout  the  titrations  as  only  one  resonance  is  ob¬ 
served.  The  fih  protons  did  separate  towards  the  ends  of  the 
Yb+ 3 ,  Tm+3,  and  Dy+3  titrations  but  remained  very  close  to¬ 
gether.  This  separation  became  obvious  at  [M]0/[L]0  ratios 
of  approximately  1:1  for  Yb+ 3  and  Tm+ 3 ,  but  not  until  the 
ratio  was  2.7  in  the  Dy+3  case,  likely  due  to  the  greater 
amount  of  line  broadening  displayed  in  the  presence  of  that 
lanthanide.  These  observations  suggest  that  the  two  aspartic 
acid  groups  in  the  LM  species  must  coordinate  to  the  lan¬ 
thanide  ion  in  such  a  manner  that  they  are  symmetrically 
placed  about  the  central  metal  ion,  and  that  the  mode  of 
binding  by  these  separate  residues  in  the  LM2  species  should 
also  be  similar.  However,  the  fact  that  separation  of  the  /?A 
protons  is  observed  for  Yb+ 3 ,  Tm+3  and  Dy+3  does  indicate 
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that  these  residues  in  the  LM2  species  are  in  slightly  dif¬ 
ferent  environments.  The  lack  of  such  an  observation  for 
Ho+3  and  Er+3  was  likely  due  to  the  magnitude  of  the  line¬ 
broadening  in  the  resonances. 

E.  Conclusions 

This  method  successfully  separates  the  contact  and  di¬ 
polar  contributions  of  the  LIS  without  prior  knowledge  of 
the  symmetry  of  the  complex  or  the  orientation  of  the  prin¬ 
ciple  magnetic  axis.  The  analysis  shown  works  well  for  this 
particular  system  but  relies  heavily  on  the  value  of  G2/G; 
being  small  (i.e.,  the  non-axial  term  in  equation  1  is  small 
compared  to  the  axial  term).  There  is,  of  course,  also  the 
possibility  that  the  complex  is  axially  symmetric,  although 
this  seems  unlikely  in  light  of  the  studies  previously  men¬ 
tioned  (78,96,150),  and  the  fact  that  the  ratios  of  the 
shifts  for  the  different  assignable  protons  were  not  the 
same  for  each  lanthanide  studied  (104,133). 

It  is  obvious  that  the  assumption  that  the  value  of  A^' 
is  much  less  than  that  of  A^’ '  in  the  case  of  ’H  NMR  is  not 
always  a  valid  one  and  that  great  care  must  be  taken  to 
choose  a  suitable  lanthanide  as  a  probe.  It  is  also  apparent 
that  the  method  employed  in  this  study  works  best  where  the 
dipolar  contribution  of  the  LIS  observed  is  large,  such  that 
the  slope  of  the  plots  shown  in  Figures  IV. 3  to  IV. 5  are 
large  (133,135). 
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From  the  Acm'  /Adm'  values  obtained,  it  is  apparent  that 
either  Tm+3  or  Yb+3  is  the  best  lanthanide  probe  for  struc¬ 
tural  studies  of  nuclei  very  near  to  or  within  the  metal 
binding  site  because  their  LIS  were  relatively  large  and 
also  displayed  the  smallest  contact  components.  The  Tm+3 
data,  unfortunately,  did  not  fit  well  for  any  of  the  shifted 
protons  of  Ac-Asp  or  for  the  larger  shifting  $A  and  aCH2 
protons  of  Ac-DGD-amide .  These  observations,  together  with 
the  results  of  previous  studies  on  the  relative  linebroaden¬ 
ing  properties  of  the  lanthanides  (96),  leads  us  to  conclude 
that,  where  LIS  are  used  for  structural  studies  of  calcium 
binding  sites,  Yb+ 3  is  the  preferred  lanthanide. 


V.  THE  INTERACTION  OF  THE  DTNB  LIGHT  CHAIN  OF  RABBIT 


SKELETAL  MYOSIN  WITH  LANTHANIDE  IONS 

A.  Introduction 

Vertebrate  skeletal  muscle  has  a  striated  appearance 
when  examined  under  the  light  microscope,  which  arises  from 
the  presence  of  many  parallel  myofibrils  in  the  muscle 
cells.  There  are  two  kinds  of  interacting  protein  filaments 
in  a  myofibril;  the  thick  filament,  which  is  composed  pri¬ 
marily  of  myosin,  and  the  thin  filament,  which  is  composed 
primarily  of  actin,  troponin,  and  tropomyosin.  These  pro¬ 
teins  form  the  basic  contractile  unit  of  the  skeletal  muscle 
of  vertebrates.  Contraction  is  brought  about  by  the  relative 
movement  of  these  filaments  via  the  attachment  of  the 
cross-bridges  of  myosin  in  the  thick  filament  to  actin  in 
the  thin  filament  (151-154).  The  following  discussion  will 
concentrate  specifically  on  the  role  of  myosin  in  vertebrate 
skeletal  muscle  and  on  the  properties  and  subunits  of  the 
well-characterized  rabbit  white  skeletal  muscle  contractile 
system.  There  will  also  be  some  discussion  of  the  contra¬ 
ctile  system  of  invertebrate  and  smooth  muscle  myosin. 

Rabbit  skeletal  myosin  has  been  shown  to  consist  of  two 
high  molecular  weight  proteins  called  the  heavy  chains,  each 
with  a  mass  of  ca.  200,000  daltons,  and  four  low  molecular 
weight  proteins  known  as  the  light  chains  (121,122,155). 
Electron  micrographs  show  that  myosin  consists  of  a  double¬ 
headed  globular  region  joined  to  a  very  long  rod 
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(156)(Figure  V.1A).  At  physiological  ionic  strength,  the 
rods  aggregate  to  form  the  backbone  of  the  myosin  thick  fi¬ 
lament  . 

Myosin  is  an  ATPase,  and  it  is  the  hydrolysis  of  ATP 
which  is  the  immediate  source  of  the  free  energy  that  drives 
muscle  contraction.  A  very  simple  and  very  early  model  of 
the  relationship  between  ATP  hydrolysis  and  contraction  is 
outlined  in  Figure  V.2,  but  the  exact  mechanism  is  much  more 
sophisticated  and  is  by  no  means  firmly  established 
(153,154,157,158,  and  references  therein).  In  the  relaxed 
state  of  the  muscle,  the  intracellular  Ca + 2  concentration  is 
low  and  the  myosin  heads  are  detached  from  the  thin  fila¬ 
ments.  ADP  and  Pi  are  bound  to  the  myosin  heads,  which  are 
currently-  believed  to  lie  at  various  angles  with  respect  to 
the  thin  filament  axis,  as  indicated  in  Figure  V.2A.  When 
the  muscle  is  stimulated,  the  intracellular  Ca + 2  concen¬ 
tration  increases  and  the  myosin  heads  move  away  from  the 
thick  filaments  and  attach  to  actin  units  on  the  thin  fila¬ 
ments,  such  that  the  heads  lie  at  an  angle  of  about  90°  re¬ 
lative  to  the  thin  filament  (Figure  V.2B).  When  this  attach¬ 
ment  takes  place,  ADP  and  Pi  are  released  and  the  orien¬ 
tation  of  the  myosin  heads  is  altered  so  that  their  long 
axis  is  at  an  angle  of  about  45°  to  75°  to  the  thin  filament 
axis  (Figure  V.2C).  Consequently,  the  thick  filament  is 
pulled  a  distance  of  some  75  A  relative  to  the  thin  fila¬ 
ment.  The  actomyosin  complex  then  binds  ATP,  which  weakens 
the  interaction  between  actin  and  myosin  and  results  in  the 
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Figure  V. 1 .  A.  Schematic  diagram  of  a  myosin  mol¬ 
ecule,  from  Figure  34-8  of  reference  159. 

B.  Subfragments  resulting  from  enzymatic  cleavage  of 
myosin;  adapted  from  Figure  34-9  of  reference  159. 
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Mg  ADP-Pj-Myosin 


Actin 


Mg  ADP-Pj 


Myosin 


Actin— Myosin 


Mg  ATP— Myosin 


Figure  V.2.  A  -  D.  Proposed  mechanism  for  the 

generation  of  force  by  the  interaction  of  the  SI 
units  of  a  myosin  filament  (for  simplicity  onlyone 
SI  unit  is  shown;  see  Figure  V.1B)  with  the  actin 
filament.  The  thick  f i lament _ moves  relativeto  the 
thin  filament  when  the  SI  unit  bound  to  actin 
changes  its  tilt  (in  the  transition  from  B  to  C). 
MgATP ,  MgADP ,  and  Pi  are  bound  to  and  released  from 
the  SI  heads  of  myosin  as  indicated;  adapted  from 
Figure  34-17  in  reference  159. 
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conversion  of  ATP  to  ADP  and  Pi.  When  the  myosin  heads  be~ 
come  detached  (Figure  V.2D),  they  may  either  realign  the¬ 
mselves  at  an  angle  of  about  90°  to  the  thin  filament  axis 
and  repeat  the  cycle  (Figure  V.2B),  or  they  may  return  to 
the  fully  relaxed  state  (Figure  V.2A).  Under  normal  physio¬ 
logical  conditions  (0.1  M  to  0.15  M  KC1,  [Mg+2]0  >  1.0  mM, 
[Ca+2]0  - 1 0 '  7  M)',  the  substrate  for  this  catalysis  is  MgATP 
(159,160).  Myosin  can  hydrolyze  ATP  in  the  absence  of  actin, 
but  the  rate  of  hyrolysis  is  much  slower  due  to  a  decrease 
in  the  off  rate  of  ADP  and  Pi  from  the  enzyme.  Myosin  ATPase 
is  therefore  often  referred  to  as  being  "act in-act ivated" . 

The  simple  model  presented  above  was  first  proposed  by 
Huxley  in  1969  (151),  and  was  later  elaborated  upon  by  both 
Lymn  and  Taylor  (162)  and  by  Mannherz  (163).  It  should  be 
noted  here  that  the  cycle  described  above  remains  conjectur¬ 
al.  Although  some  of  the  biochemical  aspects  are  well  docu¬ 
mented,  the  nature,  and  even  the  occurrence  of  confor¬ 
mational  changes  in  the  cross  bridge  cycle  have  not  been 
established.  A  thorough  discussion  of  the  subject  is  outside 
the  scope  of  the  present  text,  but  has  been  reviewed  else¬ 
where  (153-155).  Although  the  notion  that  contraction  is 
achieved  by  the  change  in  angle  of  the  cross  bridges  when 
they  are  attached  to  actin  is  not  now  generally  held  to  be 
true,  this  early  model  provided  a  basis  for  a  great  deal  of 
the  subsequent  work  on  the  DTNB  LC ,  which  will  be  outlined 


below . 
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Myosin  can  be  enzymatically  split  by  trypsin  (161), 
chymot ryps in  (51),  and  papain  (121)  into  fragments  that  re¬ 
tain  some  of  the  properties  and  activities  of  the  intact 
molecule,  the  two  main  fragments  being  heavy  meromyosin  and 
light  meromyosin  (Figure  V.1B).  Light  meromyosin  forms  fila¬ 
ments  like  myosin  but  it  lacks  ATPase  activity  and  does  not 
combine  with  actin.  Heavy  meromyosin,  on  the  other  hand,  ca¬ 
talyzes  the  hydrolysis  of  ATP  and  binds  to  actin,  but  it 
does  not  form  filaments.  HMM  consists  of  a  rod  attached  to  a 
double-headed  globular  region,  and  it  is  this  region  of  the 
molecule  which  makes  up  the  cross-bridge  of  myosin,  and 
which  contains  the  elements  required  for  ATPase  activity.  It 
can  be  split  further  into  two  globular  subfragments,  each 
called  SI,  and  into  one  rod-shaped  subfragment  called  S2 
(Figure  V.1B).  The  light  chains  of  myosin  are  highly  sus¬ 
ceptible  to  enzymatic  cleavage  but,  under  carefully  con¬ 
trolled  conditions,  they  are  found  to  be  associated  with  the 
SI  fragments  (see  later  text).  The  enzymatic  splitting  of 
myosin  into  LMM,  S2,  and  SI  fragments  is  an  expression  of 
the  fact  that  myosin  is  constructed  of  three  domains  which 
are  joined  by  two  hinges  (Figure  V.1B).  Since  these  products 
can  be  obtained  by  digestion  with  a  number  of  proteolytic 
enzymes  of  differing  specificity,  it  is  thought  that  these 
regions  represent  the  position  of  flexible  joints  in  the 
myosin  filament.  These  hinges  enable  the  SI  heads  to  span 
the  inter f i lament  distance  so  that  they  can  reversibly  at¬ 
tach  and  detach  from  actin  and  to  change  their  orientation 
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when  bound  (151,153).  The  hinge  between  SI  and  S2,  generally 
known  as  the  "swivel",  may  enable  SI  to  interact  with  actin 
in  one  way  when  ADP  and  Pi  are  bound  and  in  a  different  way 
with  bound  ATP  (/.e. Figure  V.2B,C).  The  postulated  tilting 
of  the  SI  head,  as  outlined  in  the  simple  model  above,  was 
thought  to  be  the  power  stroke  of  muscle  contraction,  where 
the  change  in  angle  of  the  SI  domain  was  transmitted  by  the 
S2  unit  of  myosin  to  the  thick  filament,  although  little 
direct  evidence  exists  for  this  supposition.  It  is  also  pos¬ 
sible  that  the  swivel  may  simply  reduce  the  geometric  con¬ 
straint  of  the  system  such  that  suitably  oriented  actin 
monomers  may  be  equally  available  to  all  myosin  heads.  The 
other  hinge,  between  S2  and  LMM ,  also  allows  considerable 
variation  in  the  position  of  the  myosin  heads  relative  to 
the  thick  filament,  and  may  also  be  involved  in  the  deve- 
lopement  of  tension  in  the  stimulated  muscle. 

The  interaction  of  the  myosin  cross-bridges  with  actin 
units  in  the  thin  filaments  is  controlled  by  the  levels  of 
calcium  in  these  tissues.  One  of  the  three  subunits  of  tro¬ 
ponin,  TnC ,  is  the  regulatory  calcium  binding  site  of  this 
system.  Upon  activation,  the  calcium  concentration  within 
the  i nterf i lament  space  rises  abruptly  from  -  1  0 " 7  to  -10“5 
M,  and  the  binding  of  this  calcium  by  TnC  induces  a  change 
in  conformation  in  that  subunit  which  is  transmitted  over 
the  troponin  complex.  This  conformational  change  in  turn  al¬ 
lows  the  actin  and  myosin  to  interact  and  the  subsequent  de¬ 
velopment  of  tension  (38).  In  the  presence  of  pure  actin 
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ii.e.  actin  which  is  devoid  of  Tn  and  Tm) ,  skeletal  myosin 
ATPase  is  not  Ca + 2 -sens i t i ve . 

Although  contraction  in  vertebrate  skeletal  muscle  is 
regulated  by  the  interaction  of  calcium  ions  with  the  TnC 
subunit  of  troponin  (thin  filament  regulat ion ) ( 38 , 1 59 )  in 
molluscan  muscles  and  in  some  other  primitive  invertebrates 
contraction  is  regulated  by  the  interaction  of  calcium  with 
myosin  (thick  filament  regulat ion )( 38 , 1 59 ) .  Molluscan  myosin 
preparations  bind  calcium  and  their  ATPase  activity  in  the 
presence  of  pure  actin  is  calc i um-dependent .  The  calcium  de¬ 
pendence  of  the  act  in-act ivated  ATPase  activity  of  scallop 
myosin  requires  the  presence  of  a  specific  light  chain, 
which  is  called  the  EDTA  light  chain  because  one  mole  of  it 
is  released  from  invertebrate  myosin  if  the  divalent  cation 
concentration  of  the  medium  is  lowered  by  the  addition  of 
EDTA.  There  are  two  EDTA  LC  associated  with  invertebrate 
myosin,  and  the  release  of  one  mole  of  this  light  chain  re¬ 
sults  in  a  loss  of  calcium  sensitivity.  The  myosin  is  'de¬ 
sensitized'  in  that  the  calcium  requirement  for  the  actin- 
activated  ATPase  activity  is  abolished  and  there  is  a  loss 
of  one  of  the  two  Ca+2  binding  sites  on  the  intact  molecule 
(  165)  . 

Comparative  studies  on  the  calcium  regulatory  systems 
of  a  wide  variety  of  species  have  revealed  that  the  muscles 
of  some  invertebrate  species  contain  both  myos i n- 1 i n ked  and 
actin-linked  calcium  regulation  (164).  Although  vertebrate 
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skeletal  muscle  displays  only  actin-linked  calcium  regula¬ 
tion,  the  myosin  itself  also  binds  calcium  (166,167),  and 
one  of  the  light  chains  of  skeletal  myosin  is  involved  in 
Ca+2  binding.  There  are  three  distinct  types  of  light  chain 
in  skeletal  myosin,  two  of  which  are  dissociated  from  myosin 
at  high  pH  and  are  known  as  the  alkali  light  chains  A1  and 
A2 ,  or  as  LC-1  and  LC-3  respectively;  the  latter  designation 
arose  from  their  relative  mobilities  on  SDS  PAGE.  Myosin  ex¬ 
ists  as  two  isoenzymes,  one  of  which  has  two  moles  of  A1  per 
myosin  molecule  and  the  other  which  has  two  moles  of  A2 .  It 
was  originally  thought  that  these  light  chains  could  not  be 
removed  without  total  loss  of  ATPase  activity,  but  more  re¬ 
cent  work  has  shown  that  the  ATPase  site  resides  solely  on 
the  heavy  chain  (  1  68-  1  70  ).  The  sequence  of  A2  (17 kD )  is  very 
similar  to  that  of  A1  (21kD)  except  for  an  additional  41  re¬ 
sidue  segment  at  the  amino-terminus  of  A1.  The  alkali  light 
chains  have  a  great  amount  of  sequence  homology  with  TnC  and 
parvalbumin  (18,171)  (Figure  1.3),  but  there  are  deletions 
and  substitutions  in  the  appropriate  binding  site  locations 
and  neither  isolated  LC  is  able  to  bind  calcium  under  phy¬ 
siologically  significant  conditions  (40,172). 

Treatment  of  rabbit  skeletal  myosin  with  DTNB  leads  to 
the  selective  release  of  50-80%  of  the  third  type  of  LC , 
which  is  known  as  the  DTNB  light  chain,  LC-2,  LMP-II,  L2, 
the  regulatory  light  chain,  and  the  P-  or  phosphory latable 
light  chain.  This  LC  has  two  thiol  groups,  a  molecular 
weight  of  19kD,  and  it  is  chemically  distinct  from  A1  and  A2 
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(18,121,173).  LC-2  has  some  sequence  homology  with  TnC  and 
parvalbumin  (18)(Figure  1.3),  and  there  are  two  moles  of 
LC-2  per  myosin  molecule.  In  the  isolated  state,  a  sizeable 
portion  of  the  residues  are  in  a  defined,  stable  environment 
(45,174)  and  the  DTNB  LC  can  bind  calcium  in  both  the  native 
and  isolated  states;  the  binding  of  calcium  has  been  re¬ 
ported  for  the  thick  filaments  of  muscle  (175),  isolated  na¬ 
tive  thick  filaments  (166),  SI  (176),  and  the  isolated  DTNB 
LC  (30).  Calcium  binds  non-cooperat i vely  to  two  types  of 
sites  on  myosin  which  display  different  affinities;  there 
are  two  high  affinity  sites  with  Kd  values  of  Kd ,  =  10'6  to 
10"8  M  (51,166,167)  and  several  low  affinity  sites  with  Kd2 
=  1 0 " 3  to  10'4  M  (166,167).  The  isolated  light  chain  has 
also  been  reported  to  bind  calcium  at  two  different  types  of 
sites;  one  high  affinity  site  with  Kd  ,  =  10"6  to  10'7  M 
(40,45,166)  and  one  low  affinity  site  with  Kd2  =  10'4  M 
(40);  it  is  the  high  affinity  site  on  the  DTNB  LC  which  is 
the  high  affinity  site  of  myosin  (40,166,176).  By  sequence 
homology  with  TnC  and  parvalbumin,  the  high  affinity  Ca + 2 
binding  loop  region  of  LC-2  should  be  located  within  resi¬ 
dues  37-48  (Figure  1.3),  with  this  site  containing  only 
three  acidic  liganding  groups  instead  of  four  (18). 

Ca+2,  Mg+2  and  other  divalent  metal  ions  bind  to  the 
isolated  skeletal  light  chain  (40)  as  well  as  to  myosin 
(167).  These  ions  bind  competitively  and  so  the  calcium 
binding  sites  are  relatively  non-specific.  There  is  essen¬ 
tially  a  single  dissociation  constant  for  Mg+2 
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to  1 0'  4  M  (40,45)  for  the  isolated  LC  and  <  10'7  M  for  myo¬ 
sin  (167).  Obviously  the  isolation  of  LC~2  has  a  significant 
effect  on  its  affinity  for  Mg+ 2  but  not  for  Ca + 2 .  The  fact 
that  the  affinities  of  myosin  and  the  isolated  LC  for  cal¬ 
cium  are  similar  indicates  that  the  binding  of  Ca + 2  by  the 
DTNB  LC  is  not  significantly  influenced  by  the  association 
of  this  light  chain  with  the  residual  (DTNB  LC-free)  myosin. 
Other  results  indicated  that  the  DTNB  LC  is  in  the  same  con¬ 
formation  in  the  isolated  state  as  in  the  intact  system.  The 
EPR  spectra  of  rabbit  skeletal  glycerinated  psoas  muscle 
(176),  myofibrils  (47),  HMM ,  myosin  (5  1,160  ,176),  SI  (176), 
and  the  isolated  light  chain  (47,51)  showed  the  presence  of 
a  Mn+2  ion  binding  site  which  was  invariant  for  the  sources 
above,  and  which  competed  with  Ca+2  and  Mg+2  (47).  In  addi¬ 
tion,  there  was  no  difference  in  the  extent  of  the  reaction 
of  antibodies  to  the  DTNB  LC  against  the  associated  or  dis¬ 
sociated  protein  (174). 

The  loss  of  one  mole  of  DTNB  light  chain  does  not  sig¬ 
nificantly  alter  the  properties  of  the  residual  myosin;  it 
has  little  effect  on  the  ATPase  activity  (121,155,177)  or  on 
the  ability  of  the  myosin  to  interact  with  actin.  The  DTNB 
LC  does  not  then  appear  to  be  a  part  of  the  active  centre  of 
the  myosin  head.  The  loss  of  either  all  of  this  LC ,  or  a 
great  portion  of  it  during  SI  preparation  using  papain 
(121,166,178),  trypsin  (161)  or  chymotrypsin  (51)  indicates 
that  it  is  likely  localized  on  the  hinge  region  of  the  myo¬ 
sin  molecule  that  connects  SI  to  S2.  Image  reconstruction 
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studies  comparing  intact  myosin  to  myosin  without  the  DTNB 
light  chains  also  locate  this  light  chain  at  this  region  of 
the  myosin  head  (179).  Previous  work  has  shown  that  the 
binding  of  divalent  metal  ions  to  myosin  and  myofibrils  in¬ 
hibits  the  formation  of  S2  and  SI  upon  proteolytic  attack  by 
these  enzymes,  as  well  as  limiting  the  extent  of  the  degre- 
dation  of  the  DTNB  LC  to  a  17kD  fragment  which  is  still  able 
to  bind  divalent  metal  ions  (51,178,180).  These  results 
strongly  suggest  that  alkaline  earth  metal  ions  bind  to  the 
S1-S2  "hinge"  and  change  its  conformation. 

The  studies  outlined  above,  and  the  observation  that 
the  binding  of  calcium  by  myosin  results  in  significant 
alterations  in  sedimentation  and  other  properties  (166),  led 
to  speculation  that  these  hinges  might  be  "switched  on"  when 
muscle  is  stimulated,  but  there  are  several  factors  which 
argue  against  such  a  control  mechanism.  Purified  vertebrate 
myosins  bind  rather  small  amounts  of  calcium  in  the  presence 
of  physiological  levels  of  free  magnesium,  such  that  under 
the  physiological  conditions  of  living  muscle  the  DTNB  LC 
binding  site  would  always  be  saturated  by  magnesium  and  thus 
retain  the  same  structure  irrespective  of  contraction  or  re¬ 
laxation  (166).  In  addition,  kinetic  evidence  argues  against 
this  hypothesis  as  the  effective  rate  of  Ca + 2  binding  to  the 
DTNB  LC ,  controlled  by  the  slow  rate  of  Mg+Z  dissociation, 
is  several  orders  of  magnitude  too  slow  to  participate  in 
the  activation  of  muscle  contraction,  which  is  complete 
within  100  msec  (176).  The  observation  that  the  addition  of 


one  mole  of  DTNB  LC  to  "desensitized"  scallop  myosin  in  the 
presence  of  actin  restored  the  calcium  sensitivity  of  the 
scallop  actomyosin  ATPase  (40)  initially  suggested  that  the 
DTNB  LC  could  functionally  replace  the  scallop  EDTA  LC ,  and 
indicated  a  possible  role  for  these  light  chains  in  rabbit 
muscle.  However,  later  work  has  shown  that  this  reinstated 
Ca + 2  sensitivity  was  mediated  through  the  remaining  scallop 
regulatory  LC  (165),  since  although  Ca  +  2  regulation  was  re¬ 
stored,  there  was  no.  effect  on  Ca + 2  binding.  To  date,  the 
physiological  significance  of  the  binding  of  Ca + 2  to  the 
DTNB  LC  has  not  been  definitely  established. 

The  DTNB  LC  can  be  readily  phosphory lated  and  depho- 
sphorylated  during  the  extraction  of  myosin  from  whole 
muscle,  as  well  as  in  vitro  (181).  The  site  of  phosphoryl¬ 
ation  is  a  single  serine  residue  (ser  14  or  15)  located  at 
the  N-terminus,  which  is  very  close  to  the  proposed  metal 
binding  site  (18),  and  the  ability  of  the  light  chain  to 
bind  Ca+2  (but  not  Mg+2)  is  affected  by  the  state  of  phos¬ 
phorylation  of  the  LC  (45).  The  enzymes  which  are  believed 
to  be  involved  in  this  process  are  called  myosin  1 ight  chain 
Kinase,  which  requires  Ca+2  for  full  activity  (182,183),  and 
myosin  light  chain  phosphatase  (184).  These  same  enzymes  are 
present  in  both  cardiac  and  smooth  muscle,  and  are  capable 
of  phosphory lat i ng  the  light  chain  of  these  myosins.  In 
smooth  muscle,  the  phosphorylation  of  this  light  chain  is 
thought  to  be  the  essential  triggering  action  for  the  stimu¬ 
lation  of  contraction,  as  it  modulates  the  actin-myosin 


interaction  (153,185)  However,  in  skeletal  muscle,  the  in 
vitro  enzyme  activities  indicate  that  the  amounts  of  these 
two  enzymes  present  are  such  that  a  phosphorylation-- 
dephosphorylation  cycle  could  not  occur  during  single  twitch 
in  skeletal  muscle  (182).  It  is  unlikely  that  the  hyrolysis 
of  ATP  by  myosin  goes  via  a  phospho-enzyme  intermediate,  as 
partial  removal  of  LC-2  has  no  effect  on  the  ATPase  activity 
of  the  molecule.  The  extent  of  enzymatic  cleavage  of  myosin 
is  affected  by  phosphorylation  in  much  the  same  manner  as  by 
the  presence  of  Mg*2,  in  that  the  LC  is  cleaved  only  to  a 
17kD  fragment,  and  the  formation  of  SI  is  suppressed  and  HMM 
formation  is  increased  (186).  In  light  of  these  facts,  under 
physiological  Mg*2  concentrations,  it  seems  unlikely  that 
any  functionally  significant  structural  changes  are  accom¬ 
panied  by  phosphorylation.  At  the  present  time  there  is  no 
clear  indication  of  the  role  of  the  phosphorylation-dephos¬ 
phorylation  process  in  striated  muscle  myosin  (153), 
although  recent  work  indicates  that  the  phosphorylation  of 
LC-2  influences  both  the  actomyosin  ATPase  activity  and  the 
calcium  sensitivity  (186).  Other  results  have  suggested  that 
the  phosphorylation  of  LC-2  may  modulate  the  act  in-myosin . 
interaction,  as  it  does  in  smooth  muscle  (183). 

In  the  following  study,  the  DTNB  light  chains  of  rabbit 
skeletal  myosin  were  isolated  and  the  effects  of  the  binding 
of  calcium,  lanthanum,  gadolinium,  and  ytterbium  on  the  far 
ultraviolet  circular  dichroism  spectra  were  observed.  The 
changes  in  ellipticity  upon  metal  binding  were  different  for 


all  three  lanthanides,  with  only  lanthanum  displaying  an  ef¬ 
fect  which  was  similar  to  that  shown  by  calcium.  Therefore, 
the  binding  of  metal  ions  to  LC-2  may  not  be  completely  non¬ 
specific,  in  the  sense  that  all  metal  ions  will  not  induce 
the  same  types  of  conformational  changes  upon  binding.  Pre¬ 
liminary  'H  NMR  results  for  the  DTNB  light  chain  are  also 
presented . 

B.  Results 

The  isolated  DTNB  LC  gave  a  single  band  on  SDS  PAGE, 
with  a  Rf  value  of  0.674.  A  calibration  plot  using  lysozyme 
(14.3  kDalton),  soybean  trypsin  inhibitor  (21  kDalton),  and 
cardiac  Tm  (33  kDalton)  as  standards  indicated  that  the  iso¬ 
lated  LC  had  a  molecular  weight  of  17.3  kD  (Figure  V.3).  The 
molecular  weight  of  this  protein  as  determined  by  gel 
electrophoresis  has  been  cited  to  be  17  to  19kD  in  the  li¬ 
terature  (121,122,187).  The  protein  was  subjected  to  amino 
acid  analysis  to  determine  whether  we  had  isolated  the  in¬ 
tact  19  kDalton  protein  or  a  17  kDalton  fragment  (Table 
V .  1  ) ;  the  results  indicated  that  the  protein  was  intact  and 
that  the  gel  results  were  anomolous.  The  UV  spectrum  was 
characteristic  of  a  protein  with  a  high  phe/tyrosine  ratio 
(phe/tyr  =  6/1 ) ( 1 8 1 , 1 87 ) ,  showing  four  phenylalanine  maxima 
in  the  250  to  270  nm  region  (Figure  V.4). 

The  CD  spectra  for  all  four  samples  in  the  presence  and 
absence  of  metal  ions  are  shown  in  Figure  V.5.  Only  the 
ellipticity  values  in  the  range  of  210  to  255  nm  are  shown 
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Figure  V.3  Plot  of  ICX3  x  Molecular  weight  vs  Rf  for  one  of  the  SDS  gels  of  the  DTNB  LC .  The  three  standard  pr 

teins  were  cardiac  Tm  (CTm),  soybean  trypsin  inhibitor  (STI),  and  lysozyme.  The  best  fit  for  the  DTNB  LC  gave 
molecular  weight  of  17.3  on  this  gel,  corresponding  to  an  Rf  value  of  0.674. 
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Figure  V.5  Plot  of  10"4  x  [0]  in  deg • cm ? • dmo 1 e versus  wavelenth  in  nanometres.  The  [ 0  ]  ? ? 2  values  foi'  each 

curve  are  as  follows:  A,  LC  +  calcium,  9023;  B,  LC  +  lanthanum,  8694;  C,  averaged  apo  protein,  6891;  h,  l( 
gadolinium,  6268;  and  E,  LC  +  ytterbium,  4778. 


as  accurate  ellipticity  measurements  at  wavelengths  less 
than  220  nm  were  difficult  due  to  the  noise  arising  from  the 
absorption  of  chloride  ions  in  the  sample  buffer  (188).  The 
apo  spectra  of  each  of  the  four  samples  was  taken  prior  to 
the  addition  of  metal  ions.  To  each  of  three  separate 
samples  were  added  5  nl  of  stock  lanthanide  solution,  while 
the  fourth  sample  was  titrated  with  various  aliquots  of  the 
three  stock  calcium  solutions  (a  total  of  37  ul  of  solution 
was  added).  The  ellipticity  values  from  210  to  255  nm  were 
measured  from  a  baseline  (buffer  only)  spectrum  for  both  the 
apo  and  metal-bound  CD  spectra  and  were  used  to  calculate 
[©]  values  for  the  same  wavelength  range.  The  observed  elli¬ 
pticity  values  as  a  function  of  total  calcium  concentration 
were  used  to  determine  a  dissociation  constant  for  calcium 
(Figure  V.6).  The  value  was  Kd  =  4  x  10' 4  M  and  was  deter¬ 
mined  by  a  nonlinear  curve- f i tt ing  iterative  procedure  which 
has  been  previously  discussed  (119);  it  was  ca.  two  orders 
of  magnitude  less  than  the  values  cited  in  the  literature 
(Table  1.2). 

An  average  apo  protein  spectrum  (calculated  from  the 
four  samples  run  in  the  apo  state  prior  to  metal  ion  addi¬ 
tion)  is  shown  in  figure  V.5,  along  with  the  corresponding 
metal-saturated  CD  spectra.  Our  ellipticity  values  (Figure 
V.5)  for  the  apo-  and  calcium-saturated  LC  were  compatible 
with  those  cited  in  the  literature  (45,188).  The  final 
metal/LC  ratios  were:  calcium,  225;  lanthanum,  118;  gadolin¬ 
ium,  127;  Yb+3,  127.  The  a-helical  contents  were:  LC  +  apo 
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Figure  V.6  A  plot  of  1 0 ' 3  x  [0]  in  deg • cm 2 • dmole " 1 
us  pCa  for  the  Ca *  2  titration  of  the  DTNB  LC .  The 
symbols  are  as  follows:  • ,  the  observed  values:  so¬ 
lid  line;  the  best  fit  values  for  the  data  using  the 
BC0N1  programme  (119)  which  assumes  that  the  protein 
has  one  Ca*2  binding  site. 


protein,  24%;  LC  +  calcium,  30%  LC  +  lanthanum,  29%;  LC  +  gado¬ 
linium,  21%;  LC  +  ytterbium,  17%.  It  is  readily  ap¬ 
parent  that  the  three  lanthanides  have  quite  different  ef¬ 
fects  on  the  overall  conformation  of  the  isolated  DTNB  LC , 
with  lanthanum  producing  a  net  effect  which  was  the  most  si¬ 
milar  to  that  of  calcium.  The  amount  of  a-helical  content 
determined  for  the  apoprotein  indicated  that  the  isolated 
light  chain  contains  a  sizeable  proportion  of  its  residues 
in  a  defined,  static  environment.  Analysis  of  the  sequence 
for  a  theoretical  a-helical  content  yielded  a  minimum  value 
of  33%  and  a  maximum  value  of  41%. 

'H  NMR  spectra  were  taken  on  an  aliquot  of  this  protein 
in  both  the  presence  and  absence  of  calcium  (Figure  V.7)  and 
they  were  very  similar  to  those  of  the  phosphory la ted  and 
dephosphorylated  protein  in  the  literature  (45).  The  ’H  NMR 
spectra  of  the  two  states  are  extremely  similar,  with  only  a 
few  slight  differences  apparent  in  the  aliphatic  region 
(45).  There  were  only  minor  changes  in  the  spectrum  upon  the 
binding  of  calcium  ,  even  in  the  presence  of  a  large  excess 
of  calcium  ions;  the  type  and  magnitude  of  these  changes 
were  consistent  with  previously  published  results  (45).  It 
was  immediately  evident  from  the  NMR  spectra  that  there  was 
EDTA  in  the  sample,  which  likely  contributed  to  the  fact 
that  a  fairly  large  excess  of  calcium  ions  was  needed  to  ob¬ 
serve  any  spectral  differences  between  the  apo-  and 
Ca + 2 -saturated  protein.  It  proved  to  be  very  difficult  to 
remove  all  of  the  EDTA  from  the  protein,  even  with 
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Figure  V.7  'H  NMR  spectrum  of  0.31  mM  apo-DTNB  LC  in 
10  mM  Tris,  50  mM  KC1,  pD  7.8  in  the  presence  of  a 
trace  amount  of  EDTA .  The  symbols  are:  x,  resonances 
not  seen  in  published  spectra  (45);  ▼  ;  metal-bound 
EDTA  resonances. 

A.  The  apo  protein  spectrum. 

B.  The  spectrum  in  the  presence  of  excess  calcium. 
The  calcium  to  DTNB  LC  ratio  was  4.98. 
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exhaustive  dialysis  at  high  salt  concentrations. 

C.  Discussion 

The  nature  of  the  CD  change  observed  upon  the  addition 
of  calcium  and  the  ellipticity  values  observed  for  the  apo- 
and  calc ium-saturated  protein  in  this  study  (Figure  V.5) 
were  consistent  with  previously  published  results  (45,188). 
The  value  of  24%  a-helix  determined  by  CD  was  smaller  than 
previously  cited  values  of  33%  (188)  and  40-50%  (174),  which 
may  in  part  have  been  due  to  inaccuracies  in  our  analysis 
since  we  used  only  a  limited  portion  of  the  spectrum,  or 
which  may  have  been  indicative  of  the  presence  of  small 
amounts  of  oxidized  protein  in  the  samples.  A  previous 
determination  of  the  a-helical  content  of  the  DTNB  LC  based 
on  its  sequence  gave  a  value  of  41%  (188),  using  the  method 
and  parameters  of  Chou  and  Fasman  (189).  This  value  agreed 
agreed  fairly  well  with  our  determination  but  both  of  these 
theoretical  values  appear  to  overestimate  the  a-helical  con¬ 
tents  determined  by  CD. 

The  affinity  of  the  isolated  DTNB  LC  for  calcium,  as 
measured  by  CD,  is  ca.  two  orders  of  magnitude  below  that  of 
the  values  given  in  the  literature  (Table  VI . 2 ) .  The  possi¬ 
bility  of  a  significant  change  in  calcium  binding  affinity 
due  to  disulphide  formation  seemed  unlikely  since  previous 
workers  have  found  normal  binding  affinities  in  the  absence 
of  DTT  or  2-mercaptoethanol  (40),  although  the  effects  of 
aging  have,  in  part,  shown  to  be  removed  by  incubation  with 
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2-mercaptoethanol  (161).  We  were  thus  achieving  a  similar 
type  of  CD  effect  upon  the  addition  of  calcium,  but  at  a 
higher  metal  ion  concentration:  this  result  implies  that 
calcium  binding  was  still  specific  (i.e.  the  calcium  was 
binding  to  the  metal-binding  site).  The  low  value  of  Kd 
which  we  observed  may  have  been  due  to  the  effects  of  age 
(183)  (the  protein  used  in  the  the  CD  studies  had  been 
stored  as  the  freeze-dried  isolated  LC  for  one  month  prior 
to  use),  a  preparative  or  storage  technique  (i.e.  lyophili- 
zation),  or  to  the  presence  of  EDTA  in  the  samples,  which 
had  been  immediately  obvious  in  the  NMR  spectra.  Phosphory¬ 
lation  of  the  light  chain  would  also  decrease  its  affinity 
for  calcium  (45,190),  but  the  appearance  of  the  'H  NMR  spe¬ 
ctra  indicated  that  the  majority  of  the  protein  was  in  the 
dephosphorylated  state,  as  will  be  outlined  shortly. 

It  is  readily  apparent  that  each  of  the  lanthanides  had 
quite  a  different  effect  on  the  overall  ellipticity  of  the 
isolated  light  chain.  One  would  not  intuitively  expect  to 
observe  such  a  large  difference  as  the  lanthanides  are 
chemically  and  physically  very  similar  (Chapter  II).  The  ef¬ 
fect  of  the  lanthanides  seems  to  vary  across  the  series, 
with  lanthanum  having  a  positive  effect,  gadolinium  having  a 
negative  effect,  and  ytterbium  having  an  even  greater  nega¬ 
tive  effect  on  the  ellipticity  of  the  apoprotein,  although  a 
more  thorough  investigation  involving  many  other  lanthanide 
ions  would  have  to  be  carried  out  before  a  definite  state¬ 
ment  of  this  type  could  be  made.  Due  to  the  large  excess  of 


123 


metal  ions  employed,  it  is  unlikely  that  the  results  reflect 
a  difference  in  the  protein's  affinity  for  the  different 
lanthanide  ions,  as  had  been  shown  for  parvalbumin  (191)  or 
in  the  differing  affinities  of  EDTA  for  these  lanthanides 

(192) .  Similar  studies  on  a  Ca+2-binding  peptide,  which  was 
homologous  to  the  helix-loop-helix  regions  of  the  CaBP,  have 
shown  that  different  conformations  of  the  peptide  were 
adopted  for  the  La+3-peptide  and  Lu+3-peptide  complexes 

(193) .  These  studies,  as  well  as  ours,  may  indicate  that  a 
flexible  binding  site  adopts  a  conformations  which  is  depen¬ 
dent  upon  the  size  (i.e.  ionic  radius)  of  the  lanthanide 
employed . 

The  'H  NMR  spectra  of  the  DTNB  LC  (Figure  V.7)  were 
virtually  identical  to  previously  published  results,  and  ap¬ 
peared  to  most  closely  resemble  the  dephosphoryla t ed  protein 
spectrum  (45).  The  state  of  phosphorylation  found  in  the 
isolated  LC  is  a  function  of  the  extraction  buffer  content 
and  extraction  buffer/muscle  volume  (184);  the  conditions 
that  we  employed  should  have • resulted  in  a  mixture  of  the 
two  states,  although  the  protein  has  been  shown  to  become 
dephosphorylated  with  time  (181).  The  spectrum  of  LC-2  (the 
protein  has  1  his,  1  trp,  2  tyr,  and  12  phe  residues)  bore 
little  superficial  resemblance  to  that  of  TnC  (32),  inte¬ 
stinal  CaBP  (26),  parvalbumin  (77),  or  the  A1  and  A2  light 
chains  (45)  in  that  it  lacks  the  characteristic 
upf ield-shi f ted  methyl  and  phenyl  groups.  Also,  the  addition 
of  calcium  ions  (Figure  V.7B)  does  not  bring  about  the  large 
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changes  in  linewidth  and  chemical  shifts  reported  for  these 
latter  proteins  (except  in  the  case  of  A1  and  A2 ,  which  do 
not  bind  calcium).  Considering  that  the  amount  of  change  in 
the  a-helical  content  of  the  light  chain  upon  the  addition 
of  Ca+2  was  6%,  it  seems  unusual  that  a  more  significant 
change  is  not  observed  in  the  NMR  spectra,  as  was  observed 
for  the  titration  of  bovine  brain  SlOOb  at  pH  7.5  (Chapter 
VI).  In  our  spectra,  it  appeared  that  the  affinity  of  the  LC 
was  such  that  we  were  observing  calcium  binding  in  the  slow 
exchange  limit,  as  the  height  of  some  resonances  decreased 
upon  the  addition  of  calcium,  while  the  heights  of  others 
increased,  and  no  broadening  was  apparent.  The  appearance  of 
EDTA  in  the  spectrum  has  led  us  to  suspect  that  the  affinity 
of  the  LC  for  Ca+2,  as  determined  by  CD,  was  probably  lo¬ 
wered  by  contaminating  EDTA.  The  sample  which  was  used  in 
the  NMR  experiments  had  been  stored  for  some  time  in  the 
lyophilized  form,  and  thus  the  NMR  results  are  preliminary 
and  speculative.  It  is  apparent  from  our  CD  work  that  one 
should  be  careful  in  choosing  which  lanthanide  to  use  as  a 
calcium  analogue;  this  supports  the  results  of  previous  stu¬ 
dies  where  lanthanides  have  been  observed  to  have  both  very 
similar  and  very  different  effects  to  those  of  calcium  in  a 
variety  of  enzymatically  active  muscle  systems  (194,195)  and 
other  active  enzymes  (67,68).  One  should  be  particularly 
careful  when  studying  structural  changes  in  a  system  like 
the  isolated  DTNB  LC  which  has  no  enzymatic  activity,  as 
such  differences  in  the  binding  modes  of  the  lanthanides  and 
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calcium  may  not  be  as  readily  apparent.  This  is  particularly 
true  when  working  with  the  DTNB  LC ,  since  the  ’H  NMR  spec¬ 
trum  is  little  perturbed  by  the  addition  of  calcium.  This 
study  supports  growing  evidence  that  one  can  not  simply  as¬ 
sume  that  lanthanide  and  calcium  ions  bind  to  proteins  in  an 
identical  manner,  and  that  more  than  one  approach,  such  as 
X-ray,  fluorescence,  CD,  NMR,  and  other  spect roscopic  tech¬ 
niques  should  be  used  to  probe  for  the  existence  and  magni¬ 
tudes  of  such  differences  for  any  one  system. 


VI.  ’  H  NUCLEAR  MAGNETIC  RESONANCE  STUDIES  OF  BOVINE  BRAIN 


SI  00b  PROTEIN 


A.  Introduction 

The  characterization  of  proteins  specific  to  nervous 
tissue  is  essential  for  studying  the  structure  and  the  func¬ 
tion  of  the  nervous  system  at  the  molecular  level.  The  brain 
specific  S100  protein  is  localized  in  multiple  sites  such  as 
glial  cells,  neurons,  and  synaptosomal  membranes  (196-198, 
and  references  therein).  This  protein  is  present  in  a  fairly 
high  concent  rat i on  relative  to  other  soluble  brain  proteins, 
suggesting  that  it  plays  a  major  physiological  role.  The  re¬ 
sults  of  previous  studies  on  this  protein  suggest  that  it 
may  play  a  role  in  the  function  and  development  of  the  ner¬ 
vous  system  (198-200).  S100  protein  is  a  water  soluble, 
highly  acidic  calcium  binding  protein  (201),  which  is  actu¬ 
ally  a  mixture  of  two  components,  8100a  and  5100b,  with  a 
subunit  composition  of  a/3  and  /?2  respectively  (21,201). 

The  amino  acid  sequences  of  the  S  —  1 0 0  proteins  have 
been  determined  (7,21).  The  SlOOb  protein  polypeptide  chain 
(/3-subunit)  consists  of  91  amino  acid  residues,  whose  se¬ 
quence  reveals  four  clusters  of  chemically  similar  residues 
in  the  order  NH2-hydrophobic-basic-ac idic-hydrophobic-COOH , 
where  the  four  respective  sequence  residue  numbers  are: 
hydrophobic,  4-14;  basic,  20-33;  acidic,  58-72;  hydrophobic, 
73-88.  Within  the  cluster  of  basic  and  acidic  amino  acids 
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there  are  two  regions  which  have  a  high  sequence  homology 
with  the  calcium  binding  proteins  (Figure  1.3).  The 
a-subunit  in  SlOOa  consists  of  93  amino  acid  residues  and 
possesses  an  extensive  sequence  homology  (58  percent)  with 
that  of  the  /8-subunit,  including  the  cluster  of  acidic  amino 
acid  residues  in  the  C-terminal  half  of  the  molecule,  imply¬ 
ing  a  close  evolutionary  relationship  between  these  sub¬ 
units.  The  studies  and  discussions  outlined  below  will  con¬ 
centrate  on  the  SlOOb  species.  This  work  was  undertaken  in 
collaboration  with  Dr.  R.  S.  Mani  and  Dr.  C.  M.  Kay  at  the 
University  of  Alberta,  who  carried  out  concurrent  CD  and  UV 
difference  spec t rophotomet r ic  studies  on  this  protein  under 
similar  conditions.  Their  results  will  be  presented  in  the 
introduction  and  discussion,  along  with  those  of  several 
other  groups  who  have  studied  this  protein  system. 

Brain  specific  SlOOb  protein  is  unusual  in  certain 
aspects  compared  to  other  calcium  binding  proteins  like 
ICaBP,  calmodulin  and  TnC.  SlOOb  exists  as  a  non-covalent ly 
linked  (123)  dimer  of  21000  daltons  in  native  solvents, 
whereas  the  above  listed  calcium  binding  proteins  exist  as 
monomers.  SlOOb  also  differs  from  many  other  CaBP  in  that 
the  binding  of  calcium  by  the  SlOOb  protein  results  in  a 
conformational  change  which  is  accompanied  by  a  loss  of  se¬ 
condary  structure,  rather  than  an  increase,  and  the  struc¬ 
ture  of  SlOOb  is  signigicantly  perturbed  by  monovalent  as 
well  as  divalent  cations  (27,123).  The  far  UV  CD  spectra  of 
SlOOb  at  pH  8.5  in  the  absence  and  presence  of  Ca+2 
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that  the  addition  of  Ca + 2  caused  a  conformational  change  in 
the  protein,  resulting  in  decrease  of  -10%  in  the  [0]  value 
at  222  nm  (27).  This  represented  a  larger  change  than  that 
which  had  been  previously  observed  (-7%)  for  this  same  pro¬ 
tein  at  pH  7.5  (123).  The  additional  decrease  in  ellipticity 
at  pH  8.5  may  be  attributed  to  the  higher  affinity  calcium 
binding  site  which  is  exposed  at  this  pH.  Analysis  of  the  CD 
data  indicated  a  decrease  in  apparent  a-helical  content  from 
55  to  47  percent  (-27).  The  effect  of  Ca+2  on  the  conforma¬ 
tion  of  this  protein  was  very  different  from  its  effect  on 
other  calcium  binding  proteins  such  as  TnC  and  calmodulin 
(202,203),  where  an  increase  in  apparent  a-helix  content  was 
observed  upon  calcium  addition. 

At  pH  values  of  ca.  7,  skeletal  and  cardiac  TnC  have 
been  shown  to  lose  nearly  54  to  60%  of  their  secondary 
structure  in  the  absence  of  Ca+2  and  30  to  52%  in  the  pre¬ 
sence  of  Ca+2  as  the  temperature  is  raised  from  5°  to  75°C 
(204).  Concurrent  CD  melt  experiments  at  pH  7.0  showed  that 
SlOOb  is  considerably  more  stable  (27);  there  was  a  17%  loss 
in  secondary  structure  in  the  apoprotein  upon  raising  the 
temperature  from  10°  to  70°C,  while  in  the  presence  of  Ca+2,' 
there  was  only  a  10%  loss  in  secondary  structure.  The  ob¬ 
served  thermal  unfolding  of  the  protein  was  reversible  in 
both  states.  In  this  sense  SlOOb  behaves  more  like  ICaBP, 
which  is  very  stable  in  the  same  temperature  range  and  which 
is,  in  fact,  isolated  at  65  to  70°C  (124).  These  latter  two 
properties  will  be  discussed  below  in  greater  detail. 
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Several  studies  have  shown  that  the  conformational 
change  induced  when  Ca+2  binds  to  the  high  affinity  site  on 
S100  protein  mixture  (SlOOa  +  SlOOb)  results  in  the  exposure 
of  a  discrete  hydrophobic  portion  of  the  molecule  to  the  so¬ 
lvent  (205-207),  which  may  be  involved  in  the  physiological 
function  of  this  protein.  The  binding  of  the  S100  protein 
mixture  to  synaptosomal  part icles  (  208 , 209 )  ,  liposomes 
(205,206),  myelin  basic  protein  (210),  hydrophobic  probes 
(205-207)  and  chlorpromaz i ne  (211)  is  dependent  upon  such 
factors  as  time,  temperature,  pH,  and  the  concentration  of 
various  mono-  and  divalent  cations.  In  an  earlier  study  on 
the  mixture  of  S100  proteins,  it  was  shown  that  S100  binds  4 
moles  of  Ca+2  per  mole  of  protein  at  pH  8.3,  while  only  2 
moles  of  Ca+2  were  bound  at  pH  7.6  (205,206).  These  proper¬ 
ties  of  the  protein  mixture,  as  well  as  those  of  the  iso¬ 
lated  SlOOa  and  SlOOb  proteins  have  been  shown  to  also  be 
affected  by  Sr"2,  Zn+2,  Mn+2,  Ba+2,  K+,  Na+,  Li+,  and  Rb+ 
under  various  conditions  (123,206,212,213).  Mg+2  does  not 
appear  to  have  any  effect  (27,123,206,208,213).  Far  UV  CD 
measurements,  which  were  carried  out  concurrently,  indicated 
a  loss  of  secondary  structure  when  purified  SlOOb,  in  the 
absence  of  Ca + 2 ,  was  titrated  from  pH  8.6  to  6.0  (27).  How¬ 
ever,  the  loss  in  secondary  structure  was  much  smaller  when 
the  protein  was  titrated  in  the  presence  of  Ca + 2 ,  so  the 
protein  was  more  susceptible  to  pH  changes  in  the  absence  of 
Ca+2,  over  the  range  of  pH  values  observed.  Earlier  studies 
by  our  collaborators  showed  that,  at  pH  7.5,  purified  SlOOb 
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protein  demonstrated  a  conformational  change  upon  binding 
Ca + 2 ,  which  resulted  in  a  loss  of  secondary  structure  (123). 
In  these  same  studies,  the  SlOOb  was  shown  to  bind  one  cal¬ 
cium  ion  per  monomer  with  a  Kd  value  of  2  x  10" 4  M.  The  ef¬ 
fect  of  K+  on  the  protein  was  antagonistic  to  Ca + 2 ,  in  that 
the  affinity  of  the  protein  for  calcium  was  lowered  to  8  x 
10" 4  M  in  the  presence  of  90  mM  KC1.  The  presence  of  1.62  mM 
MgCl2  had  no  signifcant  effect  on  the  conformation  of  SlOOb, 
suggesting  some  sort  of  specificity  with  regard  to  divalent 
ions.  The  interaction  of  Ca + 2  with  purified  SlOOb  at  pH  8.5 
was  studied  concurrently  by  aromatic  and  far  UV  CD  (27).  It 
was  evident  that  two  sets  of  Ca+2  binding  sites  per  monomer 
existed  at  this  pH.  The  calcium  affinity  of  these  two  sites 
was  Kd !  =  6  x  10"5  M  and  Kd2  =  2  x  10"4  M.  However,  in  the 
presence  of  60  mM  KC1  there  was  evidence  for  only  one  bind¬ 
ing  site  per  monomer  with  Kd  =  8.5  x  10"4  M,  and  Mg+2  again 
had  no  effect  on  the  conformation  of  the  protein.  From  the 
results  outlined  above  (27,123),  it  was  concluded  that  SlOOb 
does  not  bind  Mg+2  at  either  pH  and  that  the  binding  of  Ca+2 
to  the  higher  affinity  site  at  pH  8.5  was  either  inhibited 
by  the  presence  of  KC1,  or  else  the  binding  of  K+  caused  an 
increase  in  Kd  for  the  tight  Ca+2  binding  site. 

From  sequence  analogy  with  other  CaBP,  there  are  two 
"EF  hand"  sites  in  the  protein  which  are  shown  in  regions 
III  and  IV  in  Figure  1.3.  The  C-terminal  site  is  closely 
analogous  to  the  EF  hand  site  of  the  other  proteins  shown  in 
that  figure.  If  one  compares  the  EF  hand  sequence  for  the 
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N-terminal  site  in  SlOOb  to  that  of  the  corresponding  region 
of  ICaBP,  it  is  apparent  that  both  sites  contain  a  single 
amino  acid  insertion,  and  that  SlOOb  contains  the  three  bas¬ 
ic  side  chains  lys-his-lys  in  positions  corresponding  to  the 
pro-asn-gln  sequence  in  the  calcium  binding  loop  of  ICaBP. 
Previous  workers  have  suggested  (8)  that  titration  of  the 
his  25  (his  121  in  Figure  1.3)  residue  in  the  calcium  bind¬ 
ing  loop  region  may  be  responsible  for  exposing  the  addi¬ 
tional  calcium  binding  site  (Kd2  =  6  x  10~5  M)  at  pH  8.5,  by 
inducing  a  pH  dependent  conformational  change  in  the  pro¬ 
tein. 


The  far  UV  spectrum  of  SlOOb  is  characteristic  of  a 
protein  with  a  high  phenylalanine  to  tyrosine  ratio 
(phe/tyr  =  7),  as  shown  in  Figure  VI . 1 .  UV  difference  spec¬ 
troscopic  results  from  experiments  which  were  carried  out 
concurrently  indicated  that  the  single  tyrosine  residue  was 
perturbed  upon  the  addition  of  Ca+2  at  pH  8.5  (27).  The 
tyrosyl  difference  peak  was  red-shifted,  indicating  that  it 
was  in  a  less  polar  environment  in  the  presence  of  calcium. 
The  magnitude  of  this  shift  was  smaller  than  that  observed 
at  pH  7.5  (123),  suggesting  that  the  tyrosine  residue  in  the 
apoprotein  is  in  a  relatively  less  nonpolar  environment  at 
pH  8.5.  It  was  also  evident  that  one  or  more  phenylalanine 
chromophores  are  also  perturbed  when  calcium  was  bound.  The 
magnitude  of  these  perturbations  was  greater  than  those  ob¬ 
served  at  pH  7.5  (123).  Therefore,  comparison  of  the  differ¬ 
ence  spectra  generated  at  pH  8.5  (27)  with  those  taken  at  pH 
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Figure. VI. 1  The  UV  spectrum  of  SlOOb  in  0.1  M 

TrisyHCl,  pH  7.5.  Taken  from  reference  123,  with 
permission. 
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7.5,  (123),  indicated  that  the  the  microenvironment  of  the 
tyrosine  and  phenylalanine  residues  were  different  at  these 
two  pH  values,  and  were  thus  are  further  perturbed  by  the 
binding  of  a  second  calcium  ion  to  the  protein.  These  per¬ 
turbations  may  be  the  direct  result  of  structural  changes  in 
these  residues  due  to  the  binding  of  calcium,  or  they  may  be 
indirectly  due  to  local  charge  effects,  in  that  the  free  ne¬ 
gative  charge  on  the  carboxyl  groups  would  be  reduced  by 
Ca+2  binding,  resulting  in  changes  in  the  geometry  of  the 
binding  site  and  reorientation  of  the  phenolic  groups. 
Observations  to  this  effect  have  been  noted  in  the  past  with 
skeletal  and  cardiac  TnC  (214)  and  porcine  intestinal  cal¬ 
cium  binding  protein  (39). 

Fluorescence  studies  at  pH  7.5  have  suggested  that 
SlOOb  possesses  one  abnormal  tyrosine  per  dimer  (123).  In  an 
attempt  to  determine  the  pKa  of  this  residue,  our  collabora¬ 
tors  performed  alkaline  pH  titrations  on  SlOOb.  These  con¬ 
current  far  UV  and  CD  studies  (27)  indicated  that  apo  SlOOb 
loses  more  than  50%  of  its  secondary  structure  once  pH  11.0 
is  exceeded,  and  that  neither  of  the  the  tyrosine  residues 
(one  per  monomer)  titrated  below  this  pH.  These  results  im¬ 
plied  that  the  tyrosine  residues  in  the  native  SlOOb  dimer 
were  not  exposed  to  the  solvent,  and  that  they  titrate  only 
after  the  protein  is  denatured.  In  the  presence  of  Ca  +  2  , 
SlOOb  retained  its  secondary  structure  up  to  pH  11.5,  indi¬ 
cating  that  Ca+2  stabilized  the  protein  somewhat  at  alkaline 
pH;  the  denaturation  was  irreversible  above  pH  11  in  both 
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cases  (27).  These  results  were  supported  by  other  spectro- 
photometric  studies  (27). 

In  the  present  study  we  have  employed  ’H  NMR  to  study 
the  binding  of  Ca+2  to  purified  SlOOb  protein,  in  order  to 
compare  these  results  with  earlier  CD  and  UV  difference 
spectroscopic  results  at  pH  7.5  (123),  and  with  similar  stu¬ 
dies  at  pH  8.5  which  were  carried  out  concurrently  (27). 
These  include  a  Ca+2  and  K+  titration  of  the  apoprotein  at 
pH  7.5,  followed  by  the  addition  of  K+  and  Ca+2  respect¬ 
ively;  a  Ca+2  titration  was  also  carried  out  at  pH  8.23. 

Both  the  apo-  and  Ca + 2 -saturated  protein  were  titrated  from 
ca.  pH  5.6  to  8.6  in  order  to  observe  the  effects  of  pH  on 
the  histidine  residues.  The  ionization  characteristics  of 
the  single  tyrosine  residue  of  the  protein  in  both  the  pre¬ 
sence  and  absence  of  calcium  were  observed  by  a  spectro¬ 
scopic  titration  carried  out  in  the  alkaline  pH  range.  The 
heat  stability  of  the  protein  at  pH  7.8  was  probed  over  a 
temperature  range  of  10°  to  70°C. 

B.  Results 

Figure  VI . 2  shows  the  complete  'H  NMR  spectra  of  both 
the  apo-  and  calcium-saturated  forms  of  SlOOb  at  pH  7.5.  It 
is  readily  apparent  that  the  apoprotein  resembles  other 
CaBP's  in  that  it  contains  upfield  shifted  methyl  and 
phenylalanine  resonances  (Figure  VI. 2A).  The  number  of  these 
resonances  was  significantly  diminished  in  the  presence  of 
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Figure  VI . 2  The  complete  270  MHz  ’H  NMR  spectrum  of 
0.4  to  0.5  mM  S 1 00b . 

A.  The  spectrum  of  apo  SlOOb.  The  samples  had  been 
dialyzed  exhaustively  against  10  mM  Tris,  1  mM  EDTA , 
pH  7.5  prior  to  lyoph i 1 i za t i on . 

B.  The  spectrum  of  calcium-saturated  SlOOb.  The 
sample  had  been  dialyzed  exhaustively  against  10  mM 
Tris,  1  mM  CaCl2,  pH  7.5  prior  to  lyophi 1 i za t i on . 
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Ca+2  (Figure  VI. 2B).  The  rest  of  the  spectra  concentrate  on 
the  aromatic  region  of  the  protein  spectrum,  which  contains 
the  resonances  of  the  aromatic  ring  protons  of  seven  phenyl¬ 
alanines,  five  histidines,  one  tyrosine,  and  an  undetermined 
number  of  backbone  amide  proton  resonances  which  do  not  ex¬ 
change  rapidly  with  the  deuterated  buffer  at  room  tempera¬ 
ture.  From  comparison  of  these  spectra  with  those  of  other 
calcium  binding  proteins  (26,28,29,43),  one  can  attribute 
the  prominent  resonance  at  7.3  ppm  as  corresponding  to  the 
majority  of  the  phenylalanine  nuclei,  the  resonance  in  the 
range  6.8  to  7.4  ppm  to  histidine  C4  and  phenylalanine  nu¬ 
clei,  the  resonance  at  6.7  ppm  to  the  3,5  protons  of  two 
tyrosines,  the  upfield  shifted  resonances  in  the  range  of 
6.2  to  6.6  ppm  to  phenylalanine  protons,  and  the  resonances 
in  the  range  of  7.5  to  9.0  ppm  to  histidine  C2  protons  and 
amide  NH's  (with  the  exception  of  the  contaminating  formic 
acid  resonance  at  8.44  ppm). 

Figure  VI . 3  shows  the  results  of  titration  of  the  apo¬ 
protein  at  pH  7.5  with  calcium,  and  the  effect  of  the  subse¬ 
quent  addition  of  KC1.  The  addition  of  calcium  up  to  a 
Ca+2/S100b  ratio  of  5:1  causes  striking  perturbation  of  the 
broad  phenylalanine  envelope,  as  well  as  the  upf ield-shi f ted 
phenylalanine  resonances,  and  appears  to  broaden  out  many 
other  spectral  peaks.  The  upf ield-shi f ted  methyl  resonances 
were  also  perturbed  in  that  they  decreased  in  number  and 
shifted  downfield,  as  shown  in  Figure  VI . 2 .  The  stoichi¬ 
ometry  of  calcium  binding  could  not  be  determined  directly 
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Figur^VI.3  Titration  of  70  uM  apo  S-IOOb  in  10  mM 

with  calcium,  followed  by  the  addition 
of  KC1 .  The  Ca+VS-100b  ratios  are:  A.  0.00 
B.  3.08,  C.  4.08,  D.  to  E.  5.09.  The  KC1  concen- 
trations  are:  A.  to  D.  0,  E.  62  mM.  The  pH  of  the 
CaCi2  and  KC1  stock  solutions  were  7.48  and  6  5  to 
7.0,  respectively. 
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from  this  data  as  the  [S100b]-Kd,  so  that  a  large  excess  of 
calcium  was  needed  to  maximize  the  effects  of  this  cation  on 
the  'H  NMR  spectra.  The  addition  of  KC1  was  antagonistic, 
resulting  in  the  resonances  becoming  sharper  again  and  more 
clearly  resolved,  as  well  as  the  reappearance  of  the 
upf ield-shi f ted  phenylalanine  resonances.  At  a  slightly 
higher  concentration  of  SlOOb  (Figure  7,  ref.  27),  a  least 
squares  analysis  of  the  change  in  intensity  of  the  phenyl- 
alanyl  resonance  at  7.33  ppm  versus  added  calcium,  assuming 
one  metal  binding  site  per  monomer,  gave  a  dissociation  con¬ 
stant  of  2  x  10'4  M  (Figure  VI . 4 ) . 

Figure  VI . 5  outlines  the  results  of  the  titration  of 
the  apoprotein  at  pH  7.5  with  KC1,  and  the  effects  of  subse¬ 
quent  addition  of  calcium.  The  initial  addition  of  KC1  re¬ 
sulted  in  some  broadening  and  splitting  of  the  resonance  at 
7.3  ppm,  as  well  as  other  changes  in  the  appearance  of  the 
spectrum,  particularly  in  the  upfield  shifted  phenylalanines 
and  in  the  histidine/backbone  amide  region  from  9.0  to 
7.5  ppm  but  the  changes  are  much  smaller  than  those  induced 
by  the  addition  of  calcium  first.  Further  addition  of  cal¬ 
cium  caused  only  minor  changes  in  the  spectrum.  The  final 
spectra,  irrespective  of  which  cation  was  added  first  (Fi¬ 
gure  VI. 3E  and  VI. 5E),  were  very  similar. 

Figure  VI . 6  shows  the  titration  of  the  five  histidines 
of  apo  SlOOb  in  60  mM  NaCl.  The  pH  was  adjusted  by  the  addi¬ 
tion  of  small  aliquots  of  NaOD  and  DC1.  The  original  sample, 
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Figure  VI . 4  The  plot  of  the  change  in  intensity  (in 
arbitrary  units)  of  the  7.33  ppm  phenylalanine  res¬ 
onance  at  pH  7.5  as  a  function  of  [ Ca + 2 ] 0/[ S 1 00b] 0 . 
The  sample  was  0.2  1  mM  SI  00b  in  10  mM  Tris,  pH  7.5. 
The  pH  of  the  CaCl2  stock  solution  was  7.48.  The 
spectra  are  shown  in  Figure  7 ,  Reference  27. 
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Figure  VI . 5  Titration  of  70  uM  apo  S-IOOb  in  10  mM 
Tris,  pH  7.5  with  KC1,  followed  by  the  addition  of 
calcium.  The  KC1  concentrations  are:  A.  0,  B.  to 
E.  63  mM.  The  Ca+2/S~100b  ratios  are:  A.  to  B.  0, 
C.  3.05,  D.  4.08,  E.  5.09.  The  original  sample  was 
identical  to  that  outlined  in  Figure  VI . 3  and  the 
same  CaCl2  and  KC1  stock  solutions  were  employed. 
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Figure  VI . 6 .  The  pH  titration  of  the  histidine  resi¬ 
dues  of  apo  S 1 00b .  The  buffer  was  10  mM  Pipes  and 
the  sample  was  made  up  to  60  mM  NaCl  through  the  ad¬ 
dition  of  dithizoned  NaCl  in  D20.  The  protein 
concentration  was  0.2  mM.  The  pH  values  are:  A. 

5.58,  B.  5.92,  C.  6.55,  D.  7.09,  E.  7.62,  F.  7.94, 

G.  8.49.  The  resonances  marked  ▼  were  isolated  by 
the  T2HSE  Pulse  technique;  those  marked  •  were  not 
so  clearly  resolved  by  that  technique  but  appear  to 
follow  the  logical  shift  pattern  of  the  ▼  reson¬ 
ances.  For  the  T2HSE  series,  P1=18usec,  P2=9usec, 
and  D1=20msec. 
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prior  to  any  adjustments,  was  pH  7.09.  This  sample  was  first 
taken  up  to  pH  8.5,  then  back  to  7.09,  down  to  5.6,  and  back 
up  to  7.09.  The  final  concent ra t i on  of  Na+  added  was  7  mM. 
After  the  samples  at  pH  5.6  and  8.5  were  run,  and  the  pH  was 
restored  to  7.09,  new  spectra  were  taken.  These  spectra  were 
very  similar  to  the  spectra  of  the  original  sample,  so  that 
the  effects  of  the  small  amount  of  added  Na+  were  negligible 
and  the  titrations  were  reversible.  The  experiment  was  ini¬ 
tiated  in  60  mM  NaCl  as  the  resonances  tend  to  be  more 
clearly  resolved  in  the  presence  of  salt,  and  several  of  the 
histidine  C2  resonances  were  resolved  more  clearly  using  the 
Hahn  Spin  Echo  Pulse  sequence  (129).  The  histidine  reson¬ 
ances  continue  to  shift  over  the  entire  pH  range  of  5.6  to 
8.5,  titrating  slowly  up  to  about  pH  6.8,  then  shifting  to  a 
much  larger  degree  as  one  goes  to  higher  pH.  The  magnitude 
of  these  shifts  can  most  easily  be  observed  in  Figure  VI . 7 . 
These  results  suggest  that  the  influence  of  pH  is  more  than 
expected  from  a  simple  one  proton  titration  curve,  and  most 
likely  that  a  structural  change  was  being  felt  by  these  re¬ 
sidues  . 

Figure  VI . 8  shows  the  titration  of  the  five  histidines 
in  calcium-saturated  SlOOb  in  60  mM  NaCl.  The  sample  pH  was 
adjusted  in  the  same  manner  as  outlined  for  the  apoprotein 
and  again  the  effect  of  the  small  amount  of  Na+  was  neglig¬ 
ible  and  the  titrations  were  reversible.  It  was  apparent  in 
this  case  that  one  gets  the  same  type  of  sensitivity  to  pH 
over  the  range  5.7  to  8.6  that  was  observed  for  the  apo 
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Figure  VI. 7  The  plot  of  the  chemical  shift  of  two  of  the  histidine  resonances  of  apo  SlOOb  as  a  function  of 

creasing  pH.  The  values  of  the  chemical  shifts  at  pH  7.09  were:  o,  8.48  ppm;  •,  8  10  ppm. 
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Figure  VI . 8 .  The  pH  titration  of  the  histidine  resi¬ 
dues  of  calcium-saturated  SlOOb.  The  sample  was 
identical  to  that  outlined  in  Figure  VI . 4 ,  excepts 
that  a  small  aliquot  of  calcium  in  the  same  buffer 
system  was  added  to  a  final  Ca+2/S100b  ratio  of  6:1. 
The  pH  values  are:  A.  5.66,  B.  6.02,  C.  6.47,  D. 
7.09,  E.  7.62,  F.  7.89,  G.  8.59.  The  T2  Hahn  spin 
echo  pulse  experimental  parameters  and  the  ▼  and  • 
labelling  are  as  outlined  in  Figure  VI . 6 . 
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protein,  which  is  again  indicative  of  the  influence  of  more 
than  a  simple  one  proton  titration  of  the  histidine  reson¬ 
ances.  A  plot  of  the  chemical  shift  of  two  of  the  histidine 
resonances  in  the  calcium-saturated  protein  as  a  function  of 
pH  is  shown  in  Figure  VI . 9 .  These  are  the  same  two  histi¬ 
dines  which  were  plotted  in  Figure  VI . 7 ,  and  the  spectral 
changes  did  not  appear  to  be  as  large  as  those  observed  in 
the  absence  of  calcium. 

Figure  VI . 1 0  illustrates  the  titration  of  apo  SlOOb 
with  calcium  at  pH  8.23.  The  broad  phenylalanine/histidine 
C4  envelope  is  significantly  perturbed  by  the  addition  of 
calcium,  and  the  magnitude  of  this  perturbation  is  maximized 
at  a  Ca+2/S100b  ratio  of  2:1,  indicating  that  two  moles  of 
Ca+'2  are  bound  per  SlOOb  dimer.  As  observed  in  Figure  IV. 3, 
the  addition  of  calcium  at  this  pH  also  results  in  a  general 
broadening  of  resonances  throughout  the  spectrum.  The  re¬ 
sulting  plot  of  intensity  of  the  phenylalanine  envelope  as  a 
function  of  [Ca + 2 ] 0/[ S 1 00b] 0  is  shown  in  Figure  VI . 1 1 .  The 
data  lacked  sufficient  points  in  the  critical  region  to  ac¬ 
curately  and  independently  determine  the  two  binding  con¬ 
stants  observed  in  the  CD  studies,  but  a  calculated  binding 
curve  using  the  two  Kd  values  determined  from  concurrent  CD 
and  UV  difference  spec t rophotomet r ic  titrations  (27)  fit  the 
observed  data  well. 

The  spectra  accumulated  during  the  alkaline  pH  titra¬ 
tion  of  SlOOb  are  illustrated  in  Figures  VI . 1 2  and  VI . 1 3 . 
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e  VI. 9  The  plot  of  the  chemical  shifts  of  two  of  the  histidine  resonances  of  ca 1 c i u i m- sa tur a  ted  SlOOb  as 

function  of  increasing  pH.  The  values  of  the  chemical  shifts  at  pH  7.09  were:  o,  8.44  ppm;  •,  8 . OGppm . 


147 


PPM  9  8  7 


Figure  VI . 1 0 .  Titration  of  apo  S-IOOb  with  calcium  at 
pH  8.23.  The  buffer  was  10  mM  Tris  and  the  protein 
concentration  was  0.12  mM.  The  Ca*2/S-100b  ratios 
were:  A.  0.00,  B.  0.53,  C.  1.04,  D.  1.58,  E.  2.10, 

F.  3.21,  G.  4.37.  The  stock  calcium  solution  was 
made  up  in  the  same  buffer  at  pH  7.45. 
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PPM  9.0  8.5  8.0  7.5  7.0  5.5 


Figure  VI . 1 2  Alkaline  pH  titration  of  apo  SlOOb  in 
the  absence  of  calcium.  The  sample  conditions  were 
as  outlined  in  Figure  VI. 2A.  The  pH  values  are:  A, 
8.35;  B,  10.12;  C  ,  10.91;  D ,  11.16;  E  ,  12.08,  F, 

12.58. 
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Figure  VI . 1 3  Alkaline  pH  titration  of  SlOOb  in  the 
presence  of  calcium.  The  sample  conditions  were  as 
outlined  in  Figure  VI. 2B.  The  pH  values  are:  A, 
8.35;  B,  9.94;  C,  10.99;  D,  11.41;  E,  11.55;  F, 
12.58. 
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The  concurrent  CD  measurements  indicated  that  8100b  lost 
more  than  fifty  percent  of  its  secondary  structure  once  pH 
11.0  was  exceeded,  which  implied  that  the  tyrosine  residue 
in  the  native  protein  is  not  exposed  to  the  solvent  and  ti¬ 
trated  only  after  the  protein  was  denatured.  In  the  presence 
of  Ca +  2  the  protein  began  to  lose  its  secondary  structure  at 
pH  >  11.4  (Figure  VI . 1 3 )  as  opposed  to  pH  10.9  in  the  ab¬ 
sence  of  Ca+2  state  (Fig.  VI . 1 2 ) .  In  neither  case  was  the 
aenaturation  reversible  from  the  end  point  (pH  12.6.)  of  the 
titration.  As  can  be  appreciated  from  the  spectra  shown  in 
Figures  VI . 1 2  and  VI . 1 3 ,  it  was  not  possible  to  plot  the 
chemical  shift  of  the  tyrosine  resonances  as  a  function  of 
increasing  pH  due  to  the  overlap  of  the  phenylalanine  reson¬ 
ances.  The  inherent  stability  gained  by  the  protein  upon  the 
binding  of  Ca+2  was  also  reflected  by  the  observation  that 
there  were  only  minor  effects  upon  the  spectrum  of 
Ca + 2 -saturated  SlOOb  protein  as  a  function  of  temperature 
when  the  temperature  was  raised  from  26°C  to  70°C. 

Since  we  were  not  able  to  titrate  the  tyrosine,  and 
therefore  definitely  assign  the  tyrosine  proton  resonances, 
an  attempt  was  made  to  assign  the  tyrosine  3,5  proton  reson¬ 
ances  using  the  laser  photochemical  induced  dynamic  nuclear 
polarization  method.  This  attempt  was  unsuccessful  for  SlOOb 
in  both  the  presence  and  absence  of  Ca + 2  because  the  re¬ 
sults,  which  depend  upon  exposure  of  the  amino  acid,  were 
negative . 
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C.  Discussion 

The  data  presented  in  this  study  support  the  near  and 
far  UV  CD  measurements  carried  out  concurrently  (27),  in 
that  they  indicate  the  existence  of  two  sets  of  calcium 
binding  sites  at  pH  8.23  with  Kd  values  of  6  x  10'5  M  and 
2  x  10' 4  M,  whereas  at  pH  7.5  the  protein  binds  only  one 
Ca + 2  per  monomer  with  Kd  =  2  x  10' 4  M.  It  was  apparent  from 
the  aromatic  CD  and  UV  difference  spectra  at  both  pH  values 
that  binding  of  Ca + 2  to  8100b  resulted  in  the  perturbation 
of  the  single  tyrosine  and  one  or  more  of  the  7  phenyl¬ 
alanine  residues  (27),  and  this  was  supported  by  the  NMR 
spectra.  Both  the  NMR  and  far  UV  CD  experiments  suggest  that 
SlOOb  undergoes  a  conformational  change  when  the  protein  is 
titrated  from  pH  8.0  to  6.0,  the  magnitude  of  which  appeared 
to  be  smaller  in  the  absence  of  calcium.  This  result  was  not 
unexpected  in  view  of  the  different  number  of  Ca+2  binding 
sites  observed  for  SlOOb  at  pH  7.5  and  pH  8.23.  The  decrease 
in  secondary  structure  upon  Ca+2  binding  observed  in  the 
collaborative  studies  (27)  manifests  itself  in  the  NMR  spe¬ 
ctra  as  a  loss  of  the  upf ield-shi f ted  phenylalanine  and  me¬ 
thyl  resonances.  Both  of  these  observations  are  consistent 
with  the  explanation  put  forward  for  the  exposure  of  the  ex¬ 
tra  calcium  binding  site  at  pH  8.5,'  via  deprotonation  of 
his  25  (his  121  in  Figure  I.3)(8).  The  overall  affinity  of 
this  site  for  calcium  is  lower  than  that  of  the  ICaBP,  like¬ 
ly  due  to  the  presence  of  the  additional  basic  side  chains 
in  the  C-terminal  loop  region  of  the  protein  molecule 
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(region  III,  Figure  1.3). 

It  is  noteworthy  that  the  extra  site  exposed  at  pH  8.5 
was  specific  for  calcium,  since  the  concurrent  studies 
showed  that  Mg+2  had  no  effect  on  SlOOb  protein  conformation 
and  Ca+2  was  able  to  induce  a  conformational  change  in  the 
protein  in  the  presence  of  Mg+2  (27).  However,  the  presence 
of  K +  resulted  in  a  decrease  in  the  binding  of  Ca  +  2  to  the 
higher  affinity  site  exposed  at  pH  8.5.  In  the  presence  of 
K +  the  binding  affinity  for  Ca+2  is  virtually  the  same  at 
both  pH  7.5  and  8.5,  hence  it  is  the  low  affinity  Ca+2  bind¬ 
ing  site  which  operates  in  the  presence  of  K+  that  is  the 
one  of  physiological  significance.  Similarly,  in  the  case  of 
the  TnC  molecule  it  is  the  Ca + 2  specific  low  affinity  cal¬ 
cium  binding  site  that  is  important  from  the  physiological 
standpoint.  However,  differences  do  exist  between  these  two 
systems,  as  Mg+2  can  compete  with  Ca + 2  for  the  high  affinity 
site  in  TnC,  whereas  K+  has  no  effect.  Both  the  CD  (27)  and 
NMR  work  indicated  that  Ca+2  and  K+  display  "antagonistic" 
effects  with  respect  to  their  perturbation  of  the  structure 
of  SlOOb.  This  is  shown  in  the  NMR  spectra  by  the  fact  that 
the  effects  of  Ca+2  binding  could  be  reversed  by  K+ ,  and 
vice  versa,  which  would  be  essential  if  these  two  cations 
are  involved  in  controlling  the  function  of  SlOOb.  At  this 
time  it  is  not  clear  whether  Ca + 2  and  K+  bind  to  the  same 
site,  or  to  different  sites  on  SlOOb. 
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The  single  tyrosine  residue  of  the  SlOOb  monomer  ap¬ 
peared  to  give  rise  to  only  a  single  pair  of  doublets  in  the 
'H  NMR  spectra,  suggesting  that  the  two  tyrosines  which  are 
present  in  the  dimer  (one  per  monomer)  are  in  similar  en¬ 
vironments.  Therefore  we  cannot  correlate  any  particular 
spectral  characteristics  of  this  tyrosine  residue  to  the 
previous  fluorscence  studies  at  pH  7.5  which  suggested  that 
the  SlOOb  dimer  possesses  one  abnormal  tyrosine  (123).  The 
tyrosine  resonance  in  the  1 H  NMR  work  indicates  that  the 
tyrosines  in  the  dimer  ionize  at  alkaline  pH  only  after  the 
protein  undergoes  denat ura t i on ,  and  they  appear  to  ionize  in 
an  identical  fashion.  The  NMR  results  showed  clearly  that 
the  protein  unfolds  as  one  tries  to  titrate  tyrosine  in 
either  the  presence  or  absence  of  Ca+2.  This  was  evidenced 
by  the  shifting  of  the  phenylalanine  and  tyrosine  proton 
resonances  to  those  chemical  shift  values  typical  of  the 
free  amino  acids  in  solution.  For  the  apoprotein,  this  was 
observed  as  we  titrated  above  pH  10.9,  while  in  the  presence 
of  calcium,  one  needs  to  go  to  a  higher  pH  (>11.4)  to  get 
denaturat ion .  These  results  agree  well  with  the  concurrent 
spect rophotometr ic  pH  titration  data  (27),  and  indicate  that 
Ca+2  confers  some  stability  to  the  protein  at  high  pH.  Be¬ 
cause  of  the  denaturation  of  the  protein,  it  was  not  pos¬ 
sible  to  obtain  a  pKa  value  for  the  tyrosine,  but  these  re¬ 
sults  suggest  that  the  tyrosine  residue  is  either  buried  in 
the  interior  of  the  protein  molecule,  or  that  intramolecular 
interactions  exist  between  the  phenolic  hydroxyl  group  of 
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the  tyrosine  residue  and  a  carboxyl  group  of  either  an 
aspartic  acid  or  glutamic  acid,  as  suggested  by  recent  flu¬ 
orescence  studies  with  the  homologous  intestinal  calcium 
binding  protein  (125).  Moreover,  recently  Morero  and  Weber 
(207)  have  proposed  that  a  hydrogen  bond  between  the  tyro¬ 
sine  residue  and  a  carboxyl  ion  acceptor  group  might  exist 
in  the  case  of  the  native  mixture  of  S-100  proteins,  based 
on  the  UV  difference  spectrum  generated  between  pH  7.3  and 
3.5.  The  fact  that  no  CIDNP  was  observed  for  the  protein  in 
either  the  presence  or  absence  of  Ca+2  suggests  that  it  is 
buried  in  both  forms  of  the  protein,  but  this  conclusion  is 
suspect  as  there  are  five  histidines  in  the  protein  which 
are  also  susceptible  to  polarization  by  this  technique.  It 
is  possible  that  the  tyrosine  effect  was  swamped  out  due  to 
competition  with  one  or  more  of  the  five  histidines  of  the 
protein . 

The  concurrent  CD  melt  experiments  showed  that  with 
S 1 00b  the  loss  of  secondary  structure  at  70°C  was  only  17 
percent  in  the  absence  of  calcium  and  10  percent  in  its  pre¬ 
sence,  and  the  studies  outlined  above  indicated  that  the 
protein  was  more  stable  in  the  presence  of  Ca + 2  at  alkaline 
pH  (27).  The  NMR  spectra  of  Ca + 2 -sa t ura ted  8100b  in  60  mM 
KC1 ,  pH  7.8  showed  only  small  structural  changes  upon  heat¬ 
ing  this  sample  to  70°C  and  that  these  were  completely  rev¬ 
ersible,  aside  from  the  loss  of  the  histidine  and  most  of 
the  backbone  NH  resonances  which  was  due  to  exchange  with 
the  deuterated  buffer  (results  not  shown).  This  property 


156 


could,  in  future  work,  be  a  means  of  simplifying  the  aromat¬ 
ic  region  of  the  spectrum. 

Understanding  the  structure  and  function  of  the  central 
nervous  system  at  the  molecular  level  involves  studying  the 
chemistry  and  physiological  behaviour  of  its  constituent 
proteins.  Bovine  brain  SlOOb  is  a  unique  and  very  interest¬ 
ing  CaBP.  The  additional  spectral  data  obtained  in  the  NMR , 
CD,  and  UV  difference  studies  has  enabled  us  to  compare  the 
behaviour  of  SlOOb  with  the  other  CaBP  more  fully,  which  ho¬ 
pefully  has  given  us  some  insights  as  to  how  it  might  func¬ 
tion  physiologically  in  the  brain. 


VII.  1 H  NUCLEAR  MAGNETIC  RESONANCE  STUDIES  OF  PORCINE 
INTESTINAL  CALCIUM  BINDING  PROTEIN:  TYROSINE  RESONANCE 

ASSIGNMENTS 


A.  Introduction 

High  affinity  calcium-binding  proteins  with  molecular 
weights  near  10,000  have  been  found  in  the  small  intestines 
of  several  mammalian  species  (215-218).  The  synthesis  of 
these  proteins  is  dependent  upon  Vitamin  D,  and  the  protein 
is  probably  indirectly  involved  in  the  transport  of  calcium 
across  the  intestine  (218,219).  Porcine  intestinal  calcium 
binding  protein  (ICaBP)  is  a  compact,  globular  protein  (MW 
8799),  whose  amino-acid  sequence  of  78  residues  has  been 
determined  (14) (Figure  1.3).  Porcine  ICaBP  is  highly  homolo¬ 
gous  to  the  bovine  ICaBP  ( 87% ) ( 220 , 22  1  )  ;  the  X-ray  crystal 
structure  of  the  minor  A  form  of  the  bovine  protein  is  known 
(8)  and  is  shown  in  Figure  VI I . 1 .  An  examination  of  the 
evolutionary  relationships  among  various  CaBP’s  show  that 
the  porcine  intestinal  CaBP  is  distantly  related  to  parval- 
bumin  and  troponin-C  (222).  The  amino  acid  composition  is 
unique  in  that  there  is  a  lack  of  his,  met,  cys,  and  trp  re¬ 
sidues,  but  it  is  typical  of  CaBP's  in  that  it  contains  a 
high  concentration  of  acidic  residues  (22%)  and  contains  a 
sequence  (residues  55-69)  which  is  very  similar  to  the  EF 
calcium  binding  site  of  carp  muscle  parvalbumin.  A  second 
portion  of  the  sequence  (residues  15-30)  shows  a  limited 
homology  to  the  CD  site  of  carp  parvalbumin  which  includes 
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Figure  VI I . 1  A  protein-backbone  stereo  drawing  of  the 
X-ray  crystal  structure  of  the  minor  A  form  of  bo¬ 
vine  intestinal  calcium  binding  protein.  Atomic  co¬ 
ordinates  available  from  Brookhaven  Protein  Data 
Bank  were  used  to  prepare  this  figure. 


159 


an  insertion  of  Pro  at  residue  23  (Figure  1.3). 

The  porcine  ICaBP  binds  2  moles  of  Ca + 2  per  mole  of 
protein,  with  Kd ,  -  Kd2  =  5  x  10'7  M  (39,229),  and  both  the 
porcine  (227)  and  the  bovine  (223)  protein  appear  to  bind 
Ca+2  randomly  to  these  two  sites.  The  UV  spectrum  of  porcine 
ICaBP,  shown  in  Figure  VI I . 2 ,  is  charac ter i st ic  of  a  protein 
with  a  high  penylalanine  to  tyrosine  ratio  (phe/tyr  =  5), 
and  is  very  similar  to  that  of  bovine  brain  SlOOb  (Figure 
VI  .  1  )  .  Both  the  tyrosine  and  one  or  more  of  the  phenyl¬ 
alanine  residues  have  been  shown  to  be  perturbed  when  por¬ 
cine  ICaBP  binds  metal  ions,  but  there  is  little  effect  on 
the  overall  conformation  of  the  protein,  suggesting  that  the 
dramatic  changes  in  aromatic  optical  activity  arise  from 
local  effects  near  the  binding  sites  (39).  This  chapter  de¬ 
scribes  the  assignment  of  the  tyr  resonances  in  the  'H  NMR 
spectrum  of  the  protein  and  the  use  of  'H  NMR  to  study  the 
environment  of  aromatic  residues  within  the  protein, 
conformational  changes  in  the  protein  caused  by  calcium 
binding  and  the  calcium  binding  stoichiometry. 

B.  Results 

The  complete  'H  NMR  spectrum  of  the  apo  protein  is 
shown  in  figure  VI I . 3 ,  along  with  an  expanded  view  of  the 
aromatic  region.  Of  particular  interest  in  the  aliphatic  re¬ 
gion  of  the  spectrum  are  the  upfield  shifted  methyl  groups 
at  0.49  and  0.12.  The  resonances  in  the  expanded  aromatic 
region  are  derived  from  several  sources.  No  backbone  amine 
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F i gure  VI I . 2 


The  UV  spectrum  of  porcine  ICaBP  in  D20. 
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(NH)  proton  resonances  are  apparent.  The  narrow  resonances 
at  8.50  and  7.40  ppm  are  from  the  imidazole  of  the  buffer, 
which  is  not  completely  deuterated.  These  peaks  were  useful 
as  an  internal  pH  indicator  as,  in  the  pH  range  used  in 
these  experiments,  their  chemical  shift  is  very  sensitive  to 
pH.  The  small  resonance  at  8.44  ppm  is  from  formate  ion,  and 
the  remainder  of  the  resonances  are  derived  from  the  one 
tyrosine  and  five  phenylalanines.  The  spectrum  in  the  region 
7.0  to  6.4  ppm  is  typical  of  and  similar  to  that  of  other 
CaBP's  such  as  skeletal  TnC  (30,32)  and  cardiac  TnC  (28)  in 
that  it  contains  a  number  of  upfield  shifted  phenylalanine 
resonances  at  ca.  6.77  ppm  and  at  6.58  ppm,  in  addition  to 
tyrosine  (6.74)  protons.  The  spectrum  is  also  sensitive  to 
the  addition  of  Ca+2  as  will  be  discussed  below. 

The  laser  photo  chemical  induced  dynamic  nuclear  polar¬ 
ization  (CIDNP)  experimental  results  are  shown  in  Figure 
VI I . 4  for  the  apo  and  Ca+2  saturated  ICaBP.  These  exper¬ 
iments  allowed  the  assignment  of  the  tyrosine  doublet  reson¬ 
ance  of  the  3,5  protons  for  both  forms  of  the  protein  (117); 
it  is  readily  apparent  that  the  chemical  shift  of  these  pro¬ 
tons  are  essentially  unaffected  by  the  addition  of  calcium. 
The  fact  that  one  observes  a  CIDNP  effect  in  both  the  pre¬ 
sence  and  absence  of  calcium  indicates  that  the  tyrosine  is 
on  the  surface  of  the  molecule  as  it  must  be  accessible  to 
the  flavin  dye  in  the  solvent  (29,117).  This  is  in  good 
agreement  with  earlier  solvent  perturbation  studies  (39)  and 
with  the  recently  published  crystal  structure  of  the  highly 
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Figure  VI I . 4  'H  NMR  laser  photo  CIDNP  spectra  for 

apo-  and  calc i uim-satura ted  ICaBP.  The  spectra  were 
taken  at  ambient  temperature. 

(A)  A  "dark"  spectrum  of  apo  ICaBP.  The  spectrum  is 
resolution  enhanced  with  a  Lorentzian  to  Gaussian 
conversion  and  represents  2048  acquisitions. 

(B)  The  difference  spectrum  for  apo  ICaBP  which  is  a 
"light"  spectrum  subtracted  from  a  "dark"  spectrum. 
The  spectrum  has  a  line  broadening  of  2.5  Hz  and  re  — 
presents  16  acquisitions. 

(C)  A  "dark"  spectrum  of  the  laser  CIDNP  sample 
shown  in  figure  A  after  the  addition  of  excess  cal¬ 
cium;  the  [ Ca  +  2 ] 0/[ I CaBP ] 0  -  4.9.  The  spectrum  is 
resolution  enhanced  with  a  Lorentzian  to  Gaussian 
conversion  and  represents  2048  acquisitions. 

(D)  The  difference  spectrum  ("light"  -  "dark")  for 
the  calcium  saturated  sample  shown  in  C.  The  spec¬ 
trum  has  a  line  broadening  of  2.5  Hz  and  represents 
1  6  acqui s i t i ons . 
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homologous  bovine  ICaBP  (8). 

The  homonuclear  decoupling  experiments,  shown  in 
figure  VI I . 5  for  the  apo  and  calcium  saturated  ICaBP,  allow 
for  the  assignment  of  the  2,6  protons  of  tyrosine  16  in  both 
forms  of  the  protein.  Irradiation  at  7.53  ppm  in  the  apo 
protein  (figure  VII. 5B)  and  at  7.39  ppm  in  the  calcium-sa¬ 
turated  protein  (figure  VII. 5D)  produced  a  collapse  in  the 
multiplicity  of  the  3,5  proton  resonance  at  6.73  and 
6.76  ppm  respectively,  indicating  that  these  respective 
pairs  were  the  spin  coupled  protons  of  the  tyrosine  in  the 
two  states  of  the  protein.  The  environment  of  the  2,6  pro¬ 
tons,  therefore,  is  slightly  perturbed  by  the  addition  of 
calcium.  The  decoupling  experiment  in  the  presence  of  cal¬ 
cium  (figure  VI I . 5C  and  D)  was  done  at  a  higher  temperature 
(333°K),  but  there  was  no  change  in  the  spectrum  of  the 
calcium-saturated  protein  as  a  function  of  temperature  be¬ 
yond  the  narrowing  of  resonances  and  the  loss  of  some  of  the 
intensity  of  the  slowly  exchangeable  NH  resonances  (these 
are  the  additional  resonances  observed  in  the  range  of  c.a 
7.4  to  9.0  ppm).  Even  at  these  high  temperatures  and  also  at 
high  salt  ( 0 . 5M  KC1)  concentrations,  intensity  in  the  NH 
resonances  remains  for  days.  These  resonances  exchange  rea¬ 
dily  (within  hours)  for  the  apo  protein.  The  backbone  NH 
resonances  of  bovine  ICaBP  were  also  found  to  be  resistant 
to  exchange  at  high  temperature  (224)  and  high  concen¬ 
trations  (up  to  1  M)  of  K+  and  Na+  had  no  effect  on  the  CD 
spectra  of  the  porcine  protein  (39). 
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Figure  VI I . 5  'H  NMR  homonuclear  decoupling  spectra 
for  apo-  and  calcium-saturated  ICaBP.  The  spectra 
were  taken  at  ambient  temperature.  The  spectra  are 
resolution  enhanced  with  a  Lorentzian  to  Gaussian 
conversion . 

(A)  The  undecoupled  apo  ICaBP  spectrum. 

(B)  A  difference  spectrum  with  the  decoupler  set  at 
7.53  ppm.  The  frequency  of  the  decoupling  yH2  rf 
field  is  indicated  by  [  .  The'  resonance  marked  by  a  • 
is  the  frequency  of  the  decoupling  (yH2)  rf  field  in 
the  blank.  The  spectra  represent  2000  acquisitions. 

(C)  The  undecoupled  calcium-saturated  ICaBP  spec¬ 
trum. 

(D)  The  difference  spectrum  with  the  decoupler  set 
at  7.39  ppm. 

The  frequency  of  the  decoupling  yH2  rf  field  is 
indicated  by  1  .  The  N-H  backbone  resonances  are 
marked  by  a  ♦.  The  spectra  represent  4000  acqui¬ 
sitions. 
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The  pH  titration  of  the  apo  protein  is  shown  in 
Figure  VI I . 6 .  One  can  see  that  the  tyrosine  protons  (7.58 
and  6.75  ppm)  shift  upfield  as  the  pH  increases,  but  the 
shifts  are  small  compared  with  those  observed  for  other 
CaBP's  (28)  and  are  not  apparent  until  one  is  above  pH  10.3. 
Thus  the  tyrosine  has  a  very  high  pKa ,  even  though  it  is  on 
the  surface  of  the  protein.  The  titration  was  not  taken 
above  pH  12  as  this  protein  has  been  observed  to  irreversib¬ 
ly  denature  under  such  conditions  (125).  For  this  reason  one 
can  not  obtain  a  complete  titration  curve,  as  shown  in  Fi¬ 
gure  VII. 7,  and  it  is  thus  difficult  to  determine  the  pKa  ; 
it  is  sufficient  to  indicate,  however,  that  it  is  unusually 
high.  One  also  notes  that  there  are  significant  shifts  in 
two  phenylalanine  resonances,  one  which  shifts  downfield 
from  6.78  ppm;  it  comes  out  from  underneath  the  3,5  protons 
of  the  tyrosine,  the  latter  of  which  can  then  clearly  be 
seen  as  a  well-resolved  doublet.  The  other,  at  7.34  ppm, 
shifts  upfield.  These  effects  can  be  clearly  seen  in 
f igure  VI I . 5 . 

In  the  presence  of  calcium,  there  is  no  significant  ef¬ 
fect  on  the  aromatic  region  of  the  spectrum  throughout  the 
pH  titration  (Figure  VI I . 8 ) ;  the  tyrosine  pKa  therefore  is 
further  increased.  These  titration  results  are  in  excellent 
agreement  with  spectroscopic  studies  (125),  where  a  pKa  for 
tyrosine  in  the  calcium  saturated  protein  was  determined  to 
be  12.9.  Readjustment  of  the  pH  12  spectrum  for  both  protein 
states  to  pH  6.5  resulted  in  the  original  spectrum,  thus  no 
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Figure  VI I . 6  The  pH  titration  of  ICaBP  in  the  pre¬ 
sence  of  excess  EDTA .  The  pH  values  are  A.  8.48,  B. 
10.29,  C.  10.98,  D.  11.52,  E.  11.92.  The  EDTA /ICaBP 
ratio  was  3.25  except  for  A.,  where  it  was  0.81.  The 
spectra  represent  4000  acquisitions  and  are  resolu¬ 
tion  enhanced  with  a  Lorentzian  to  Gaussian 
s  i  on  . 
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Figure  VI I . 7  The  plot  of  the  chemical  shifts  of  the 
phenylalanine  and  tyrosine  resonances  of  apo  porcine 
ICaBP  as  a  function  of  increasing  pH.  The  data  was 
taken  from  the  spectra  shown  in  Figure  VI I . 6 ,  and 
the  chemical  shifts  of  the  resonances  in  ppm  at  pH 
6.5  were:  A,  7.57;  B ,  7.34;  C  and  D ,  6.76. 
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Figure  VI I . 8  The  pH  titration  of  ICaBP  in  the  pre¬ 
sence  of  excess  calcium.  The  pH  values  are  A  Q  00 
B.  10.44,  C.  11.06,  D.  11.38,  E.  11.85.  The 

^i:/lCaBP  r?t10  was  3.98.  The  spectra  represent 
4000  acquisitions  and  are  resolution  enhanced  with 
Loren tz ian  to  Gaussian  conversion 
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denaturation  had  occurred;  the  backbone  NH  resonance  at 
8.86  ppm  is  resistant  to  exchange  even  at  pH  12,  which 
further  demonstrates  structural  integrity  of  the  protein  in 
the  presence  of  Ca+2.  This  has  also  been  observed  for  bovine 
ICaBP  (224).  There  were  no  significant  spectral  changes  in 
the  aliphatic  region  throughout  either  of  these  titrations. 

Figures  VI I . 9  and  VI I . 1 0  show  the  results  of  titration 
of  the  apo  ICaBP  with  calcium.  It  is  readily  apparent  in 
Figure  VII. 9  that  the  binding  of  calcium  causes  perturba¬ 
tions  in  the  aromatic  spectrum,  most  strikingly  in  the  broad 
envelope  of  phenylalanine  resonances  from  7.0  to  7.4  ppm; 
this  envelope  sharpens  up  and  increases  in  intensity  as  the 
calcium/ICaBP  ratio  increases.  The  intensity  of  the  apo 
ICaBP  tyr  2,6  proton  resonance  at  7.56  ppm  decreases  and  the 
increase  of  the  ICaBP  calcium  saturated  2,6  tyrosine  protons 
at  7.39  ppm  increases,  indicating  that  calcium  binding  is  in 
the  NMR  slow  exchange  limit.  The  3,5  tyrosine  protons  appear 
to  become  resolved  into  a  clear  doublet  at  6.76  ppm  as  cal¬ 
cium  is  added  because  the  overlapping  phenylalanine  reson¬ 
ance  in  the  free  form  decreases  in  intensity;  the  other  up- 
field  shifted  phenylalanines  (6.4  to  6.7  ppm)  undergo  a  sig¬ 
nificant  change  as  well.  The  upfield  shifted  methyl  groups 
are  also  significantly  perturbed,  as  shown  in  Figure  VI I . 9 . 
Taking  the  intensity  change  in  the  broad  phenylalanine  enve¬ 
lope,  and  plotting  it  as  a  function  of  [ Ca + 2 ] 0/[ I CaBP ] 0 ,  the 
results  of  Figure  VI I . 1 0  show  a  2:1  stoichiometry.  In  this 
plot  we  have  taken  into  account  the  fact  that  the  "apo" 
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Figure  VII. 9  The  titration  of  apo  porcine  ICaBP  with 
Ca + 2 .  Both  the  low  and  high  field  portions  of  the  'H 
NMR  spectrum  are  shown.  The  [Ca+  2 ] 0 / [ I CaBP ] 0  ratios 
are  A.  0.28,  B.  0.74  C.  1.16,  D.  1.59,  E.  2.04.  F. 
3.33.  The  spectra  are  resolution  enhanced  with  a 
Lorentzian  to  Gaussian  conversion  and  represent  2000 
acqui sit  ions . 
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Figure  VII. 10  A  plot  of  the  intensity  (in  arbitrary 
units)  of  the  7.16  ppm  resonances  of  phenylalanine 
as  a  function  of  [Ca+2]0/[lCaBP]0.  The  protein  was 
-ound  to  have  28/0  of  the  two  sites  saturated  with 
calcium  after  desalting  (see  text),  and  this  curve 
has  been  corrected  for  this  initial  Ca *  2  contami¬ 
nation. 


protein  was  not  completely  calcium  free.  We  determined  the 
extent  of  the  calcium  content  in  the  apo  protein  by  CD,  as 
shown  in  Figure  VI I . 1 1 .  The  CD  spectra  were  run  on  protein 
sample  that  was  identical  to  the  desalted  protein  sample 
used  in  the  calcium  titration.  These  protein  samples  were 
pre-treated  as  outlined  in  the  experimental  section,  but 
differed  from  subsequent  preparations  (which  produced  true 
apo  protein)  in  that  neither  the  column  buffers  nor  the  deu- 
terated  NMR  sample  buffers  were  pretreated  with  chelex,'  and 
the  eluted  column  fractions  were  not  handled  with,  collected 
in,  or  stored  in  plasticized  glassware.  The  difference  in 
ellipticity  at  275  nm  between  the  CD  spectrum  of  the  paral¬ 
lel  protein  sample  at  pH  8.00  in  the  presence  of  excess  EDTA 

and  calcium  was  assumed  to  be  the  maximum  change  in  ellipti¬ 
city  between  totally  apo-  and  calcium-saturated  ICaBP.  The 
difference  between  the  initial  ellipticity  value  of  the 
parallell  protein  sample  and  that  of  the  same  sample  in  ex¬ 
cess  EDTA  was  then  used  to  calculate  the  initial  amount 
(14%)  of  calcium-saturated  protein.  Assuming  there  are  two 
moles  of  calcium  bound  per  mole  of  ICaBP,  the  initial  point 
in  the  titration  thus  corresponds  to  a  [Ca+ 2 ] 0/[ ICaBP] 0  ra¬ 
tio  of  0.28.  It  was  readily  apparent  that  the  degree  of  ne¬ 
gative  ellipticity  in  Figure  VII. 11A  was  much  less  than  that 

observed  in  other  studies  (39).  Using  the  published  molar 
ellipticity  value  for  the  apo  protein  of  -180 
deg • cm2 • dmole ‘ '  at  275  nm,  along  with  our  own  values  for  the 

1  the  deuterated  NMR  sample  buffer  had  been  pre-treated  with 
di thizone . 
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Figure  VI I . 1 1  The  CD  spectra  for  ICaBP  in  the  pre¬ 
sence  of  excess  EDTA  and  Ca+2.  The  respective  molar 
ellipticity  values  at  275  nm  were  -1771  and  +2928 
deg -cm2 *dmol ‘ 1 .  The  samples  were  0.14  mM  ICaBP,  30 
mM  imidazole,  20  mM  KC1,  pH  8.00  and  the  path  length 
was  1  cm. 

A.  The  "apo  protein"  spectrum  in  the  presence  of  ex¬ 
cess  EDTA.  The  sample  size  was  602  ul  and  the 
EDTA/lCaBP  ratio  was  5/1. 

B.  The  "apo  protein"  spectrum.  The  sample  size  was 
600  ul. 

C.  The  "apo  protein"  spectrum  in  the  presence  of 
cess  calcium.  The  sample  size  was  101  ul  and  the 
Ca+2/lCaBP  ratio  was  67/1. 
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apo  and  Ca + 2 - sa t ura ted  ICaBP,  we  derived  a  68%  level  of  sa¬ 
turation  for  their  sample. 

C.  Discussion 

In  this  discussion  we  concentrate  primarily  on  the  as¬ 
signed  tyr  16  (tyr  113  in  Figure  1.3)  aromatic  ring  reson¬ 
ances,  and  their  use  as  probes  of  the  effects  of  Ca  +  2  bind¬ 
ing  to  porcine  ICaBP.  If  the  aromatic  ring  of  the  tyrosine 
is  free  to  undergo  at  least  a  180°  flipping  motion,  then  one 
would  expect  to  observe  doublets  for  both  the  2,6  and  3,5 
pairs  of  protons,  and  they  should  titrate  upfield  with  the 
loss  of  the  tyr  phenolic  proton  (127,225).  The  CIDNP  and 
homonuclear  decoupling  experiments  provide  a  definite  as¬ 
signment  for  the  2,6  and  3,5  resonances  of  the  single  tyro¬ 
sine  of  the  porcine  ICaBP  in  both  the  presence  and  absence 
of  calcium. 

The  3,5  protons  of  tyr  16  (tyr  113  in  Figure  1.3)  in 
the  apo  protein  appear  initially  as  a  triplet  as  they  are 
superimposed  on  phenylalanine  resonance,  and  are  resolved 
into  a  clear  doublet  only  by  the  addition  of  calcium  or  an 
increase  in  pH.  Note  that  the  difference  'H  decoupling  pat¬ 
tern  is  appropriate  for  a  doublet.  In  the  apo  protein  above 
pH  10  this  doublet  resonance  titrates  upfield  with  a  pKa 
>11-12.  The  CIDNP  experiments  indicate  that  the  tyrosine  is 
exposed  to  the  solvent  in  both  the  apo  and  calcium  saturated 
form.  This  agreed  with  solvent  perturbation  studies  on  por¬ 
cine  ICaBP  (39)  and  with  fluorescent  studies  on  the 


ii  aj  4  f ^ J 


176 


homologous  bovine  protein  (226).  The  recent  publication  of 
the  X-ray  structure  of  the  highly  homologous  bovine  minor  A 
ICaBP  indicates  that  this  tyrosine  is  exposed  and  lies  on 
the  surface  of  the  molecule  in  a  fairly  hydrophobic  pocket 
(8).  A  model  for  the  existence  of  such  a  high  pKa  for  a  sur¬ 
face  tyrosine  has  been  proposed  in  which  the  hydroxyl  group 
of  the  tyrosine  is  hydrogen  bonded  to  glutamic  acid  residue 
38;  this  model  is  consistent  with  the  X-ray  crystal  struc¬ 
ture  of  bovine  ICaBP  (8).  These  authors  also  indicate  that 
the  hydrophobic  depression  in  which  the  tyrosine  lies  pro¬ 
vides  an  unfavourable  environment  for  unhindered  tyrosine 
ionization  (125). 

The  phenylalanine  resonances  which  shift  as  a  function 
of  increasing  pH  have  not  yet  been  assigned.  Our  pH  titra¬ 
tion  spectra  were  similar  to  those  achieved  when  calcium-sa¬ 
turated  cardiac  TnC  was  titrated,  in  that  the  tyrosine  dou¬ 
blets  began  to  titrate  upfield  at  pH  10.7,  while  one  of  the 
overlapping  phenylalanine  doublets  shifted  downfield  towards 
resonance  frequencies  more  typical  of  phenylalanine  ring 
protons  (7.4  to  7.0  ppm) (28).  This  was  attributed  to  a  loss 
of  the  specific  environments  which  produced  the  upfield- 
shifted  pehnylalanine  resonances  and  yet,  as  they  observed, 
both  the  2,6  and  3,5  tyrosine  resonances  titrated  upfield 
and  remained  distinct  from  the  random  coil  phenolate  reson¬ 
ances  observed  for  more  exposed  tyrosine  residues. 
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In  the  presence  of  calcium  the  resonance  at  6.76  ppm  is 
simplified  into  a  clear  tyrosine-like  doublet  which  is  spin 
coupled  to  the  doublet  at  7.39  ppm.  That  no  resonances,  how¬ 
ever,  shift  with  pH  in  the  calcium-saturated  protein  implies 
that  the  tyrosine  has  a  very  high  pKa  when  calcium  is  bound. 
This  is  m  agreement  with  a  UV  spect rophotomet r ic  titration 
from  which  a  tyrosine  pK a  =  12.9  was  derived  (125).  The  lack 
of  observation  of  any  significant  changes  in  the  aliphatic 
region  of  the  protein  from  pH  6.5  to  12,  in  either  the  ab¬ 
sence  or  presence  of  calcium,  indicates  that  there  is  no 
large  change  in  protein  conformation  over  this  pH  range.  The 
chemical  shift  of  6.76  ppm  for  the  3,5  protons  of  the  single 
tyr  is  the  same  as  for  the  apo  protein,  and  is  similar  to 
the  values  observed  for  skeletal  and  cardiac  TnC,  and  calmo¬ 
dulin  (28,32,43).  The  addition  of  calcium  to  the  apo  protein 
causes  changes  in  the  resonance  attributed  to  the  2,6  (meta) 
protons  of  tyr  and  changes  in  several  resonances  associated 
with  phe  residues.  This  is  consistent  with  the  previous 
spectral  work  (39).  The  aromatic  region  of  the  spectra  for 
the  apo  and  calcium-saturated  states  are  similar  to  those  of 
bovine  ICaBP  (224). 

Under  the  conditions  of  these  experiments  (ICaBP 
concentrat ion=0 . 5  mM) ,  the  stoichiometry  of  calcium  binding 
was  2:1.  All  of  the  Ca+2  titrations  showed  some  decrease  in 
intensity  beyond  a  Ca+2/lCaBP  ratio  of  —2/1 ,  which  may  ind¬ 
icate  weak  third  site  binding  and/or  non-specific  binding  of 
excess  Ca+2;  the  decrease  in  intensity  was  due  to  shifting 
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within  and/or  broadening  of  the  phe  envelope.  Analysis  of 
the  X-ray  crystal  structure  of  the  bovine  ICaBP,  using  the 
data  supplied  by  the  Brookhaven  Data  bank  (8),  showed  that 
there  were  three  Ca+2  ions  bound  to  the  crystal  determined, 
two  were  in  the  binding  sites  and  one  was  bound 
non-spec i f ically  on  the  surface  of  the  protein. 

The  Ca+2  stoichiometry  of  2:1  for  porcine  ICaBP  is  in 
disagreement  with  some  of  the  earlier  published  CD  results, 
which  showed  that  this  protein  bound  only  one  calcium  at 
high  (0.5  mM)  protein  concentrat ions  whereas,  at  lower  con¬ 
centrations  of  porcine  intestinal  CaBP,  (0.141  mM)  the  ti¬ 
tration  as  observed  by  CD  tended  towards  a  stoichiometry  of 
2:1  (39).  However,  a  recent  repeat  of  the  titration  of  this 

protein  with  calcium,  also  monitored  by  CD,  has  confirmed 
that  it  has  two  high  affinity  calcium  binding  sites  (227). 

In  addition,  analysis  of  the  Ca + 2 -saturated  protein  by  atom¬ 
ic  absorption  spectrophotometry  showed  2  calcium  atoms  per 
protein  molecule  (228),  and  so  it  is  now  generally  believed 
that  porcine  ICaBP  binds  two  calciums  per  mole  of  protein, 
as  has  been  observed  for  the  highly  homologous  bovine  ICaBP 
(221).  The  apparent  saturation  level  value  of  68%  which  can 
be  derived  for  the  earlier  published  spectra  (39)  indicated 
that  one  mole  of  calcium  was  already  present  in  their  pro¬ 
tein,  which  could  explain  why  they  observed  the  protein  to 
bind  calcium  with  a  stoichiometry  of  1  at  -  0.5  mM  concen¬ 
tration  of  protein.  Since  the  dissociation  constant  of  ICaBP 
is  in  the  micromolar  range  and  the  protein  concentration 
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employed  in  these  studies  was  in  the  millimolar  range,  it 
was  not  possible  to  determine  an  accurate  Kd  value  for  Ca+2, 
as  outlined  in  Chapter  VIII. 

There  were  no  specific  perturbations  in  the  spectra 
which  allowed  us  to  differentiate  between  the  two  sites. 
Therefore  the  protein  either  has  two  binding  sites  with 
approximately  the  same  affinity  for  calcium,  as  was  sug¬ 
gested  by  other  studies  (227,229),  or  the  binding  shows  com¬ 
plete  positive  cooperat ivi ty .  From  the  results  outlined  in 
this  chapter,  one  can  not  determine  if  the  binding  of  cal¬ 
cium  by  the  porcine  ICaBP  is  cooperative  or  not,  but  we  have 
presented  evidence  in  Chapter  VIII  which  indicates  that  the 
binding  is  non-cooperative,  in  agreement  with  other  recent 
studies  on  both  the  porcine  (227)  and  bovine  (223)  ICaBP. 
Even  in  the  case  of  two  independent  binding  sites  with  equal 
calcium  affinities,  there  are  two  possible  modes  of  Ca+2 
binding  which  can  explain  our  results.  The  first  is  that  the 
binding  of  calcium  to  each  site  results  in  specific  pertur¬ 
bations  which  differ  between  the  two  sites,  but  because  Ca+2 
binds  equally  to  both  sites,  we  see  only  an  average  of  these 
two  sets  of  perturbations.  The  second  possibility  is  that 
all  or  most  of  the  perturbations  arise  when  calcium  binds  to 
one  of  the  sites,  and  that  the  binding  of  calcium  to  the  se¬ 
cond  site  is  spectroscopically  "silent".  The  results  which 
we  achieved  by  titrating  the  protein  with  the  lanthanide  ion 
Lu+3  support  the  latter  possibility,  as  outlined  in  Chapter 
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That  the  rate  of  calcium  binding  is  slow  enough  to  re¬ 
sult  in  NMR  spectra  in  the  slow  exchange  limit  is  in  agree¬ 
ment  with  the  results  for  the  high  affinity  sites  of  TnC  and 
calmodulin  (28,32,43).  It  is  interesting  that,  as  the 
[Ca+ 2 ] 0/[ ICaBP] o  ratio  increases,  the  broad  phenylalanine 
envelope  sharpens  up  and  narrows  to  a  distinct  resonance 
centered  at  7.16  ppm,  and  some  phenylalanine  intensity  ap¬ 
pears  even  further  upfield  in  the  spectrum  of  the  calcium- 
saturated  protein  from  where  it  appears  in  the  apoprotein 
spectrum.  This  has  also  been  observed  for  bovine  ICaBP 
(223).  With  the  tightening  of  the  overall  protein  structure 
as  it  binds  more  calcium,  as  evidenced  by  the  lack  of  ba¬ 
ckbone  NH  exchange,  it  is  likely  that  each  of  the  five 
phenylalanine  residues  would  be  in  a  more  rigid  environment. 
Because  they  are  spread  out  over  almost  the  entire  ICaBP  se¬ 
quence,  one  would  expect  that  one  or  more  of  these  phenyl¬ 
alanine  residues  would  be  in  a  fairly  unique  environment. 
Contrary  to  these  initial  expectations,  the  range  in  phenyl¬ 
alanine  chemical  shifts  for  most  of  the  phe  resonances  de¬ 
creases  in  the  calc i um-sa tura ted  protein;  this  implies  that 
these  residues  experience  a  similar  environment  in  the 
calcium-bound  protein. 

The  presence  of  upfield  shifted  phenylalanine  reson¬ 
ances  in  the  aromatic  region,  and  upfield  shifted  methyl 
groups  in  the  aliphatic  region  (Figure  VI I . 2 )  in  the  apo 
protein  indicates  that  a  well-defined  tertiary  structure  ex¬ 
ists  in  the  protein  even  in  the  absence  of  calcium,  as  was 
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observed  for  apo  cTnC  (28,32),  Previous  CD  work  suggests 
that  ca.  30%  of  the  apo  protein  is  in  an  a-helical  conforma¬ 
tion,  although  this  estimate  is  now  in  question  due  to  the 
disparity  between  our  apo  aromatic  CD  spectrum  and  theirs 
(39).  Increasing  the  temperature  of  the  protein  sample  to 
333°K  showed  no  change  in  chemical  shift  of  the  aromatic 
resonances  in  the  calcium-saturated  protein  and  no  apparent 
change  in  the  shape  or  intensity  of  these  resonances.  This 
result  shows  the  inherent  thermal  stability  of  porcine  ICaBP 
under  such  conditions.  It  is,  in  fact,  isolated  as  a  soluble 
protein  at  70°C  (124).  The  calcium-saturated  protein  spec¬ 
trum  was  also  virtually  insenstive  to  increasing  salt  con¬ 
centration  (<0.5  M  KC1),  again  indicating  the  structural 
stability  of  the  calcium  bound  protein.  This  agrees  well 
with  previous  studies  on  bovine  ICaBP  which  indicated  that 
KC1  exerted  minimal  effects  on  Ca+2  binding  over  the  range 
of  0.01  to  0.2M  (221  )  . 


VIII.  THE  DETERMINATION  OF  THE  Kd  OF  PORCINE  ICaBP  FOR 
CALCIUM  IN  THE  PRESENCE  OF  EDTA  AND  ANALYSIS  OF  THE  RESULTS 
TO  DETERMINE  IF  THE  Ca+2  SITES  ARE  COOPERATIVE 

A.  Introduction 

The  use  of  'H  NMR  to  determine  the  dissociation  con¬ 
stants  for  various  metal  ions  binding  to  proteins  in  solu¬ 
tion  has  some  limitations,  particularly  when  these  dis¬ 
sociation  constants  are  in  the  micromolar  range.  The  reasons 
for  these  difficulties  will  be  outlined  below,  and  we  will 
demonstrate  a  method  of  overcoming  these  difficulties,  and  a 
means  of  determining  if  the  coordination  of  Ca  +  2  by  the  por¬ 
cine  ICaBP  is  cooperative. 

Due  to  the  extended  time  periods  needed  to  get  good 
protein  spectra,  one  usually  tries  to  obtain  FID's  on  pro¬ 
teins  at  a  minimum  concentration  of  0.5  mM.  The  problem  with 
using  a  concentration  of  chelating  ligand  which  is  so  much 
greater  than  the  dissociation  constant  can  most  easily  be 
explained  by  the  example  shown  in  Figure  VI 1 1 . 1 .  This  plot 
represents  the  data  obtained  from  a  Ca+2  titration  of  0.6  mM 
EDTA,  which  has  a  Kd  for  calcium  of  2  X  10' 7  at  pH  6.5 
(230).  The  value  of  the  dissociation  constant  derived  from 
the  data  shown  was  Kd  =  1.2  ±  1.7  X  10' 6  M.  The  accuracy  of 
this  fit  is  poor  as  the  calculated  value  of  Kd  spans  a  range 
of  0  to  2.9  x  10" 6  M.  The  source  of  this  inaccuracy  can  be 
outlined  by  looking  at  the  data  in  terms  of  how  the  dis¬ 
sociation  constant  is  determined.  There  are  three  regions  to 
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Figure  VIII  1  A  plot  of  the  change  in  the  area  under  the  EDTA  resonance  at  2.5  ppm  as  a  function  of 

[Ca*!  ](J/[EDTA]0.  The  sample  consisted  of  0.61  mM  EDTA  in  30  mM  imidazole-d,  ,  20  mM  KC  1  ,  pH  6.5,  and  the  fit  is 
shown  assuming  a  single  binding  constant.  The  areas  were  taken  by  integrating  the  spectrum  over  2.7  to  23  ppm 
(Figure  VIII  2)  and  are  in  arbitrary  units. 
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consider  in  this  plot  shown  in  Figure  VI 1 1 . 1 ; 

I  the  initial  region  with  a  linear  slope, 

II  the  curved  portion  of  the  plot  where  the 

slope  decreases  rapidly,  and 
III  the  plateau  region  where  the  slope  is 
effectivly  zero. 

In  region  I,  essentially  all  of  the  calcium  exists  as  the 
EDTA-Ca +  2  complex,  while  in  region  III  there  is  free  metal 
ion  present  but  the  ligand  is  saturated.  The  curved  portion 
of  the  plot,  shown  in  region  II,  is  very  small,  and  it  is 
this  portion  of  the  plot  which  is  critical  in  the  determi¬ 
nation  of  the  dissociation  constant  since  significant 
amounts  of  both  free  metal  ions  and  free  ligand  molecules 
exist  only  in  this  region.  The  large  amount  of  deviation  in 
the  value  determined  for  the  data  shown  in  Figure  VI 1 1 . 1  was 
due  to  the  lack  of  definition  in  region  II.  Data  obtained  in 
this  region  represents  very  small  changes  in  the  observed 
intensity  and  is  difficult  to  fit,  even  with  more  data 
points,  due  to  errors  in  the  measurement  of  the  intensities 
over  a  very  small  range  of  [Ca+2].  The  data  presented  in  Fi¬ 
gure  VI 1 1 . 1  can  be  compared  with  the  Ca+2  titration  of  the 
SlOQb  protein  shown  in  Figure  VI . 4  ( [SlOOb]  =  0.21  mM,  Kd 
=  1.95  ±  0.06  x  1 0'  4  M) ,  where  one  can  see  that  the  curved 
portion  of  the  plot  is  much  more  extensive  when  the  ligand 
concentration  and  the  Kd  values  are  similar.  The  resulting 
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Kd  value  is  much  more  accurate  in  this  case  as  the  majority 
of  the  data  points  lie  within  the  curved  region,  where  the 
intensity  changes  are  much  more  extensive  and  occur  over  a 
greater  range  of  metal  ion  concentration. 

For  the  calcium  titration  of  apo  porcine  ICaBP,  the  li¬ 
mitations  outlined  above  were  augmented  by  the  fact  that  re¬ 
gion  II  displayed  a  pronounced  curvature  due  to  non-specific 
Ca + 2  binding  (Figure  VI I . 1 0 ) .  To  allieviate  these  problems 
in  the  determination  of  the  Kd  for  Ca+2,  we  titrated  the 
protein  with  calcium  in  the  presence  of  EDTA ,  so  that,  by 
obtaining  a  dissociation  constant  for  the  protein  which  was 
relative  to  a  known  dissociation  constant,  our  determination 
of  that  value  would  become  more  accurate.  Porcine  ICaBP  is 
known  to  have  two  calcium  binding  sites  which  have  equal  af¬ 
finity  for  Ca + 2 ,  the  Kd  values  of  which  are  (1.81  to 
5)  X  10'7  (39,217,229).  It  is  not  known  whether  this  is  the 
result  of  two  sites  which  are  cooperative,  or  if  the  binding 
of  calcium  to  these  sites  is  random  and  of  equal  affinity, 
although  there  is  evidence  which  supports  the  latter  mechan¬ 
ism  (227).  By  measuring  the  dissociation  constants  of  this 
protein  relative  to  that  of  EDTA  and  analysing  the  resulting 
data,  we  have  shown  that  there  is  no  cooperat ivi ty  between 
the  two  sites  on  the  protein. 

We  chose  to  use  EDTA  because  it  has  a  dissociation  con¬ 
stant  in  the  micromolar  range  which  is  compatable  with  that 
of  ICaBP.  We  initially  attempted  to  titrate  EDTA  in  the 
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micromolar  range,  in  order  to  obtain  an  accurate  Kd  for  cal¬ 
cium  for  that  ligand.  Although  these  attempts  were  not  real¬ 
ly  successful,  some  interesting  and  valuable  information 
came  out  of  these  studies,  which  will  be  discussed  below. 

B.  Results 

A  spectrum  of  EDTA  in  the  presence  of  a  non-saturating 
concentration  of  Ca+2  is  shown  in  Figure  VI 1 1 . 2 .  EDTA  binds 
calcium  in  the  slow  exchange  limit,  with  the  resonances  at 
3.7  ppm  and  3.5  ppm  arising  from  the  free  EDTA,  while  those 
at  3.1  and  2.5  ppm  correspond  to  bound  EDTA.  Our  initial 
studies  showed  that  one  can  not  simply  use  the  intensitites 
of  these  peaks  to  determine  the  fractions  of  free  and  bound 
EDTA  accurately.  Rather,  it  is  necessary  to  measure  the  ar¬ 
eas  under  the  resonances  by  integration,  and  then  the  rela¬ 
tive  amounts  of  free  and  bound  EDTA  can  be  determined  as 
outlined  below, 
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where  fL  is 

the  fraction 

of  free 

ligand,  fLM  is  the 

f  rac t i on 

of  the  ligand-metal  complex,  A L  is  the  area  under  the  free 
ligand  resonance,  ALM  is  the  area  under  the  bound  ligand 
resonance,  [L]  is  the  concentration  of  free  ligand,  [LM]  is 
the  concentration  of  the  ligand-metal  complex,  and  [L]0  is 
the  total  ligand  concentration.  The  values  of  the  fractions 
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4  2  0  PPM 

Figure  VI 1 1 . 2  The  complete  270  mHz  'H  NMR  spectrum 
of  EDTA  in  the  presence  of  a  non-saturating  concen¬ 
tration  of  calcium.  The  sample  contained  4.05  mM 
EDTA  and  1.98  mM  calcium  in  18.9  mM  imidazole-d 4 , 
pH  6.3.  The  typical  integration  ranges  for  the  res¬ 
onances  were:  A,  3.8  to  3.6  pppm;  B,  3.6  to  3.4 
ppm;  C ,  3.2  to  2.9  ppm;  D,  2.7  to  2.3  ppm.  These 
regions  are  indicated  in  the  spectrum  by  shading. 
The  A , C  and  B , D  resonance  pairs  represent  the 
free, bound  form  of  the  two  proton  resonances  of 
EDTA. 
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outlined  in  equation  1  can  easily  be  checked  as  their  sum 
should  be  unity.  In  this  way  we  could  establish  the  correct 
regions  over  which  to  integrate.  The  EDTA  was  not  tightly 
bound  to  the  protein  as  the  T 1  relaxation  times  of  the  EDTA 
resonances  in  the  presence  of  protein  (A,  0.39;  B,  0.23;  C, 
0.21;  D,  0.22  sec)  did  not  differ  appreciably  from  those  ob¬ 
served  in  the  absence  of  protein  (A,  0.38;  B,  0.28;  C,  0.33; 
D,  0.44  sec),  and  so  we  have  assummed  that  the  presence  of 
EDTA  has  no  appreciable  affect  on  the  Ca + 2  affinity  of  por¬ 
cine  ICaBP;  such  effects  have  been  observed  previously  with 
parvalbumin  in  the  presence  of  EGTA  (244). 

The  spectra  of  the  protein  in  the  presence  of  EDTA  are 
shown  in  Figure  VI 1 1 . 3  as  a  function  of  increasing  Ca +  2  con¬ 
centration.  In  these  spectra  it  is  obvious  that,  as  the 
[Ca+2]0  increases,  the  intensity  of  the  free  EDTA  resonances 
decreases,  while  the  intensity  of  the  bound  EDTA  resonances 
increases.  The  change  in  the  intensities  of  the  resonances 
in  the  aromatic  region  of  porcine  ICaBP  as  a  function  of  in¬ 
creasing  calcium  concentration  have  been  observed  previously 
in  Figure  VI I . 9 . 

We  initially  assumed  that  the  two  Ca + 2  binding  sites  of 
ICaBP  had  the  same  affinity.  In  this  system  Kd ,  =  Kd2  =  Kp , 
where  Kp  is  the  dissociation  constant  of  the  protein  for 
Ca+2.  In  the  presence  of  EDTA  there  is  a  second  dissociation 
constant  Kc ,  which  is  the  dissociation  constant  of  Ca + 2  for 
EDTA.  In  this  experiment  we  used  the  areas  of  the  A  (free) 
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Figure  VI 1 1 . 3  The  titration  of  porcine  ICaBP  with 

Ca +  2  in  the  presence  of  EDTA .  The  samples  contained 
0.61  mM  ICaBP,  0.31  mM  EDTA  (shaded  resonances)  in 
30  mM  imidazole-du ,  20  mM  KC1,  pH  6.5,  The  total 
calcium  concentrations  in  mM  were:  A,  0.56;  B,  0.78* 
C,  1.00;  D,  1.21;  E,  1.42.  The  symbols  are:  ▼  ,  free" 
EDTA  resonances;  •,  bound  EDTA  resonances. 
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and  C  (bound)  resonances  of  EDTA  (Figure  VI 1 1 . 2 )  and  the 
area  under  the  7.0  ppm  (integrated  over  7.05  to  6.95  ppm) 
resonance  of  ICaBP  to  determine  the  extent  of  metal  ion 
bound  to  each  chelator.  We  have  derived  an  equation  which  we 
can  used  to  measure  the  ratio  kp/kc  by  the  following  means: 


KD  =  [P][M] 


Kc  =  [C][M] 
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where  [P]0  and  [C]0  are  the  total  protein  and  EDTA  concen¬ 
trations,  [P],  [M]  and  [C]  are  the  concentrations  of  free 
(apo)  protein,  Ca+2,  and  EDTA  respectively,  [PM]  and  [CM] 
are  the  concentrations  of  the  calcium-protein  and 
calcium-EDTA  complexes  respectively,  Apbs  and  Apax  are  the 
observed  and  maximum  areas  under  the  resonances  of  the  pro¬ 
tein,  A °bs  and  A™ax  are  the  observed  and  maximum  areas  of 
the  bound  EDTA  resonances,  and  fPM  and  fCM  are  the  fractions 
of  the  PM  and  CM  species  respectively.  By  appropriate  re¬ 
arrangement  of  these  relationships,  one  can  arrive  at  the 
following  equation 


so  that  a  plot  of  [(Acax/A°bs  )  -  1]  versus  [(Apax/A°bs  )  -  1] 
should  yield  a  slope  of  Kp/Kc  and  an  intercept  of  zero. 
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The  analysis  of  the  resulting  data  according  to  equa¬ 
tion  5  is  shown  in  Figure  VI 1 1 . 4 .  It  is  readily  apparent 
that  the  intercept  is  zero  and,  although  there  is  some  scat¬ 
ter  in  the  points,  there  is  reasonable  agreement  in  the 
data.  The  resulting  value  for  Kp/Kc  was  0.47±0.04.  Using  a 
published  value  of  the  Kd  of  EDTA  for  calcium,  after  appro¬ 
priate  modification  for  the  pH  used  in  this  study  (230)’, 
the  value  of  Kd  determined  for  the  ICaBP  was  9.4±0.8  x  10"6 
M  which  agrees  fairly  well  with  the  values  given  in  the  li¬ 
terature  (39,217,229). 


In  order  to  determine  if  the  protein  binds  calcium  co¬ 
operatively,  it  is  necessary  to  analyze  the  data  in  a 
slightly  different  manner,  by  taking  into  account  the  inter¬ 
action  between  the  two  Ca + 2  binding  sites  of  the  protein. 

The  inherent  assumption  in  this  analysis  was  that 
[PM]  =  C  x  [PM2],  such  that  the  value  of  C  would  be  0  if  the 
calcium  ions  bound  in  a  100%  cooperative  manner  while  a  va¬ 
lue  of  C  >  0  would  indicate  that  the  sites  bound  Ca+2  with  a 
lesser  degree  of  cooperat ivi ty .  Derivation  of  the  resulting 
equation  using  the  parameters  outlined  above  yields  the  fol¬ 
lowing  relationship. 
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’In  this  modification  we  used  the  pKa  values  cited  for  the 
association  of  EDTA  with  hydrogen,  not  deuterium. 
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Figure  VIII. 4  The  plot  of  [ ( A  £ 3 */ A °b S ) -  1 ]  versus  [ ( A ™ 3 */ A °b S ) -  1 ]  for  the  data  shown  in  Figure  VIII 
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The  plot  of  the  log  [  ( A™ax/Apbs]  )  -  1]  versus  log 
[  (A™ax/A°bs)  -  1  ]  should  yield  a  slope  of  2  and  an  intercept 
of  2xlog  (kp/kc),  where  Kp  =  Kd ,  x  Kd2.  The  resulting  plot 
is  shown  in  Figure  VI 1 1 . 5 . 

For  the  data  shown,  the  fit  yielded  a  slope  of  1  indi¬ 
cating  by  comparison  with  equation  5  that  no  cooperat ivity 
was  present.  The  intercept  of  this  plot  was  -0.31  ±  .03. 

This  yields  a  kp/kc  ratio  of  0.49,  which  determines  a  value 
of  kp  =  9.8±0.6  x  1 0' 8  M,  which  agrees  with  the  results 
shown  in  Figure  VI 1 1 . 4 ,  as  expected. 

The  results  of  this  study  make  use  of  a  published  par¬ 
ameter,  the  K d  value  of  EDTA  for  Ca +  2  .  No  correction  was 
made  for  the  ionic  strength  of  the  medium,  but  the  Kd  value 
of  this  chelator  has  been  shown  to  be  only  slightly  affected 
by  a  change  in  the  ionic  strength  over  the  range  of  0.0  to 
0.1  M  (192).  We  did  attempt  to  lower  the  concentration  of 
EDTA  to  the  micromolar  range  and  to  titrate  it  ourselves 
under  the  experimental  conditions  used  in  the  above  studies. 
Even  at  these  low  concentrat ions ,  however,  the  resulting 
plot  was  of  the  type  shown  in  Figure  VI 1 1 . 1 ,  and  there  was  a 
great  deal  of  trouble  with  contaminating  metal  ions.  Though 
these  attempts  were  unsuccessful,  some  valuable  information 
was  derived  from  them,  and  will  be  outlined  below. 

We  initially  tried  to  make  up  6  to  10  samples  of 
EDTA  for  our  titrations.  In  our  first  attempts  to  do  so,  it 
was  readily  apparent  that  there  was  a  significant  amount  of 
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Figure  VI 1 1  .  5  The  plot  of  log  [  ( A™ax/A°bs )  -  1  ]  versus 
log  [  ( Ap  ax/A°bs)  -  1  ]  for  the  data  shown  in  Figure 
VI 1 1 . 3  . 
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metal  ion  contamination  present  in  both  D20  and  in  the  deu- 
terated  buffers,  even  after  pretreatment  with  dithizone.  Di- 
thizone  is  an  organic  chelating  agent  which  had  been  used 
extensively  in  our  lab  to  remove  metal  ion  from  these  solu¬ 
tions,  primarily  because  it  undergoes  a  colour  change  (green 
to  pink)  when  chelated  and  so  it  is  visually  easy  to  tell 
when  the  metal  ions  have  been  extracted.  The  problem  with 
dithizone  is  that  it  has  a  low  affinity  for  many  divalent 
and  trivalent  cations,  notably  Ca+2,  Mg+2  ,  and  the  lan¬ 
thanides  (231),  which  in  many  studies  on  CaBP  are  the  metals 
of  primary  interest.  After  treatment  with  dithizone,  a  NMR 
sample  was  made  up  to  a  final  EDTA  concentration  of  6  to  50 
mM  and  the  ratio  of  the  areas  under  the  free/bound 
(A  +  B/C  +  D)  resonances  were  measured.  A  typical  360  At  1  'H 
NMR  sample  of  49  mM  EDTA  in  D20  was  found  to  contain  ca.  9 
MM  contamination,  while  the  same  sample  of  deuterated 
imidazole~d4  buffer  contained  18  axM  contamination.  We  have 
no  way  of  knowing  what  the  contaminating  metal  ions  were, 
but  atomic  absorption  analysis  of  the  D20  samples  showed 
that  they  contained  4  mM  calcium  contamination.  When  the 
samples  were  stored  for  several  days  in  plastic  vials,  this 
same  type  of  analysis  indicated  that  an  additional  4  mM  con¬ 
tamination  was  present.  It  was  thisresult  which  led  us  to 
store  and  collect  further  protein,  buffer,  and  EDTA  samples 
in  plasticized  glassware,  rather  than  in  plastic  containers. 

We  attempted  to  use  EDTA  which  was  immobilized  on  eith¬ 
er  glass  beads  ( CGA-EDTA ,  Pierce)  or  on  agarose  (supplied  by 
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Dr.  E.  Birnbaum)  to  remove  these  contaminating  metal  ions, 
but  these  attempts  were  not  completely  successful.  We  final¬ 
ly  arrived  at  a  suitable  procedure  using  chelex.  Chelex  also 
has  a  low  affinity  for  Ca+2  and  Mg + 2  (232)  and  so  it  was 
used  in  excess.  After  several  attempts,  the  method  outlined 
in  Chapter  III  was  shown  to  use  a  minimal  amount  of  chelex 
with  virtually  100%  efficiency.  This  technique  worked  very 
well  for  D20,  as  micromolar  EDTA  samples  made  up  in  both  D20 
and  deuterated  buffer  immediately  after  pretreatment  with 
chelex  showed  virtually  no  metal  ion  contamination.  This  re¬ 
sult  also  showed  that  the  EDTA  itself  was  not  significantly 
contaminated,  and  additional  studies  at  mM  concentrations  of 
EDTA  indicated  that  there  was  <  1%  contamination  in  this  re¬ 
agent.  However,  it  was  necessary  to  readjust  the  pH  of  the 
buffer  after  chelex  treatment  and  this  resulted  in  ca.  4  n M 
metal  ion  contamination.  It  was  likely  that  the  NaOD  or  the 
DC1  used  to  adjust  the  pH,  or  simple  contact  of  the  solution 
with  the  electrode  were  the  sources  of  this  contamination. 
Note  that  this  level  of  contamination  is  not  significant  at 
mM  ligand  concentrations,  only  at  is M  ligand  concentrations. 
Since  we  were  not  able  to  achieve  essentially  metal-free 
buffer  solutions  at  the  micromolar  level,  and  the  binding 
curves  of  titrations  of  EDTA  at  this  concentration  level 
were  still  not  well  defined,  this  precluded  any  attempts  to 
titrate  EDTA  with  Ca+2  at  lower  than  micromolar  concen¬ 


trations. 
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C.  Discussion 

The  use  of  the  procedures  outlined  above  enabled  us  to 
obtain  a  dissociation  constant  for  Ca+2  in  the  case  of  the 
porcine  ICaBP  when  we  titrated  the  protein  in  the  presence 
of  EDTA.  This  method  allows  for  the  determination  of  dis¬ 
sociation  constants  of  proteins  for  metal  ions  at  concen¬ 
trations  which  are  high  enough  to  make  the  accumulation  of 
'H  NMR  spectra  time  efficient.  In  these  studies  we  used  a 
sample  which  was  contaminated  with  EDTA  (see  Chapter  I)  and 
we  estimated  the  EDTA  concentration  in  this  sample  by  com¬ 
paring  the  areas  of  each  resonance  to  those  of  several  dif¬ 
ferent  standard  EDTA  solutions  of  known  concentrat ion . 
Although  some  error  would  arise  from  such  a  determination, 
the  methods  outlined  above  do  not  require  any  knowledge  of 
the  EDTA  concentration,  although  it  must  be  at  a  suitable 
level  for  this  type  of  analysis.  We  were  also  able  to  demon¬ 
strate  that  the  two  Ca+2-binding  sites  of  ICaBP  bind  calcium 
independently,  not  cooperatively.  We  hope  to  repeat  this 
work  with  other  proteins  such  as  parvalbumin  and  TnC,  which 
are  believed  to  bind  Ca+2  cooperatively,  and  to  determine 
the  overall  usefulness  of  this  approach  in  studying  the 
calcium-binding  modes  of  other  CaBP.  The  levels  of  contami¬ 
nating  metal  ions  found  in  D20  and  deuterated  buffer  has  led 
us  to  use  chelex,  rather  than  dithizone,  to  remove  traces  of 
metal  ions  in  all  of  our  working  solutions,  and  to  avoid 
contact  of  the  treated  solutions  with  glass  or  plastic  con¬ 


tainers. 


IX.  1 H  NUCLEAR  MAGNETIC  RESONANCE  STUDIES  OF  THE  INTERACTION 
OF  LANTHANIDE  IONS  WITH  PORCINE  INTESTINAL  CALCIUM  BINDING 

PROTEIN 


A.  Introduction 

There  have  been  several  studies  of  the  interaction  of 
porcine  ICaBP  with  lanthanide  ions.  Dorrington  et .  a/.  ob¬ 
served  that  Ca+2,  several  other  divalent  cations,  and  sever¬ 
al  of  the  lanthanides  all  produced  the  same  overall  effect 
on  the  CD  spectrum  above  250  nm,  in  that  they  indicated 
there  was  no  change  in  the  overall  conformation  of  the  pro¬ 
tein  upon  metal  binding  (39).  These  authors  stated  that  the 
porcine  protein  displayed  about  the  same  affinity  for  cal¬ 
cium  and  the  lanthanides,  although  no  data  was  shown  to  this 
effect.  Subsequent  Tb+ 3  luminescence  studies  have  shown  that 
Tb+ 3  binds  sequentially  to  two  sites  on  the  protein,  with 
Kd  ,  <  10~7  M  and  Kd2”10"5  M  (  227  ).  The  first  mole  of  Tb+ 3 
fills  the  C-terminal  site  and  the  second  mole  fills  the 
N-terminal  site  (regions  IV  and  III  respectively  in  Figure 
1.3).  The  binding  of  Tb+ 3  to  the  second  site  was  found  to  be 
less  effective  as  the  salt  concentration  was  raised.  At 
Tb+3/lCaBP  ratios  greater  than  one  there  is  a  significant 
quenching  of  the  tyrosine  fluorescence,  suggesting  that 
sel f -assoc iat i on  of  the  protein  was  occurring. 

The  binding  of  several  divalent  cations  and  the  lan¬ 
thanides  to  the  highly  homologous  bovine  ICaBP  has  also  been 
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studied  (221).  The  addition  of  various  ions  to  bovine  ICaBP 
in  the  presence  of  calcium  indicated  that  the  displacement 
of  bound  calcium  decreased  with  the  divergence  of  the  charge 
density  (charge/ionic  radius  in  A)  of  the  added  cation  from 
that  of  Ca+2.  Similar  trends  were  shown  for  the  protection 
of  the  protein  against  cleavage  by  trypsin  as  a  function  of 
added  cations.  For  the  lanthanide  series  in  the  presence  of 
calcium,  La+3  showed  the  largest  degree  of  calcium  displace¬ 
ment  and  protection  against  trypsin  cleavage  and  Yb+3  dis¬ 
played  the  smallest.  In  the  absence  of  any  bound  calcium, 

La + 3  was  the  only  lanthanide  ion  which  afforded  any  protec¬ 
tion  against  trypsin  cleavage.  Similarly,  recent  work  has 
shown  that  the  differences  in  the  affinities  of  the  lan¬ 
thanides  and  calcium  for  the  two  metal  ions  sites  of  parv- 
albumin  are  also  proportional  to  the  charge  density  ratio  of 
these  ions.  These  differences  were  shown  to  be  the  result  of 
variation  in  the  k°"and  k!V  rate  constants  across  the  lan¬ 
thanide  series  (233).  These  results  suggest  that  metal  ions 
other  than  Ca+2  may  have  different  effects  on  the  local 
structure  of  the  protein,  as  was  observed  in  Chapter  V  for 
the  DTNB  LC  of  rabbit  skeletal  muscle. 

Fluorescence  studies  on  the  bovine  ICaBP  have  shown 
that  Tb+3  binds  to  two  sites  on  the  apo  protein  with  high 
affinity  (226).  The  Kd  values  differed  by  at  least  a  factor 
of  20,  with  both  values  being  <  8.5  x  1 0 ' 5  M.  In  the  pre¬ 
sence  of  excess  calcium  (Ca+2/lCaBP  >  2),  Tb+3  was  still 
able  to  bind  to  the  protein  (226).  X-ray  crystallographic 
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studies  have  shown  that  the  addition  of  Nd+ 3  and  Tb+ 3  to  the 
calcium-saturated  crystal  resulted  in  the  displacement  of 
only  the  C-terminal  calcium  ion.  These  results  indicate  that 
the  N-terminal  site  was  not  available  to  the  solvent  * 
(8,226).  These  authors  suggest  that  this  latter  site  may  be 
a  structural  site  which  remains  saturated  with  calcium, 
while  the  C-terminal  site  is  a  regulatory  site  which  binds 
or  releases  Ca+2  as  the  intracellular  levels  of  calcium 
vary . 


In  the  work  outlined  in  this  section,  the  addition  of 
ytterbium  to  the  calcium-saturated  protein  resulted  in  the 
appearance  of  lanthanide-shifted  resonances  in  the  'H  NMR 
spectra  which  were  in  the  slow  exchange  limit.  The 
lanthanide-shifted  resonances  were  very  broad,  and  it  ap¬ 
peared  that  this  broadening  was  the  result  of  the  close 
proximity  of  the  lanthanide  ion  to  residues  on  the  protein. 
Titration  of  the  calcium-saturated  protein  with  Yb+ 3  sug¬ 
gested  that  significant  structural  changes  occurred  only 
when  the  first  mole  of  the  lanthanide  was  bound.  Titration 
of  the  apo  protein  with  Lu+3  showed  that  2  equivalents  of 
Lu+3  bound  sequentially  to  the  protein  in  the  absence  of 
Ca+2,  with  the  binding  of  the  second  mole  of  this  lanthanide 
producing  little  effect  on  the  conformation  of  porcine 
ICaBP.  At  a  Lu+3/lCaBP  ratio  greater  than  two,  it  was  ap¬ 
parent  that  the  protein  began  to  aggregate  as  all  of  the 
resonances  became  significantly  broadened  and  the  solution 
became  more  viscous.  From  a  ratio  of  1  to  2,  there  was 
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evidence  of  only  slight  aggregation.  The  two  dissociation 
constants  of  the  apo  protein  for  Lu+3  were  determined  to  be 
Kd ,  =  4.9  ±  6.7  X  10'6  M  and  Kd2  =  2.3  ±  1.2  X  10'4  M. 

B.  Results 

Figure  IX. 1  shows  the  two  'H  NMR  spectra  of  calcium-sa¬ 
turated  porcine  ICaPB  in  the  presence  of  excess  ytterbium. 
The  lanthanide  shifted  resonances  (LSR)  which  will  be  dis¬ 
cussed  in  the  following  text  are  labelled  a  to  z.  The  a,b 
resonance  appeared  to  be  a  doublet  under  higher  magnifica¬ 
tion  and  was  analyzed  as  such.  The  c,d  and  x,y  regions  con¬ 
tain  overlapping  resonances,  as  will  be  outlined  shortly. 

The  lanthanide-induced  shifts  are  large  and  the  resonances 
are  broad  compared  with  those  of  carp  muscle  parvalbumin 
(97).  This  result  was  somewhat  surprising  in  view  of  the 
fact  that  the  correlation  time  rR  of  ICaBP  is  slightly  smal¬ 
ler  than  that  of  parvalbumin  and,  since  the  linewidths  are 
proportional  to  rR  ,  one  would  expect  the  linewidths  of  the 
ICaBP  to  be  either  comparable  to  or  smaller  than  those  of 
parvalbumin.  There  were  three  most  likely  possibilites  which 
could  have  lead  to  such  broadening; 

1)  the  close  proximity  of  the  protons  to  the  lanthanide, 

2)  aggregation  of  the  protein,  and 

3)  chemical  exchange  broadening. 

The  first  possibility  was  that  the  LIS  observed  for  ICaBP 
were  derived  from  protons  on  residues  which  were  closer  to 
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igure  IX. 1  The  complete  270  MHz  ‘H  NMR  spectrum  of  initially  calcium-saturated  porcine  ICaBP  in  the  presence  of 

excess  Ybfl.  The  sample  was  1.01  mM  ICaBP,  30  mM  i m i dazo 1 e-d 4 ,  20  mM  KC 1 ,  pH  6.5.  The  Yb'VlCaBP  ratio  was  2  04 
The  spectrum  was  taken  at  299"K.  The  vertical  expansions  shown  are  20x  and  50x .  The  L SR  which  will  be  discussed 
in  the  following  text  are  labelled  a  through  z. 
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the  metal  ion  than  those  of  the  LIS  observed  for  parv- 

albumin,  and  thus  were  broadened  much  more  due  to  a  greater 

effect  of  the  paramagnetic  metal  on  their  relaxation  times. 

The  resonances  of  protons  which  are  in  close  proximity  to  a 

Yb‘>  ion  would  experience  broadening  as  well  as  well  as 

lanthanide-induced  shifts,  and  this  broadening  is  related  to 

the  correlation  time  of  the  protein  in  the  following  manner 
(58,97) : 


"4vx  - 


'2x 


2  2e4j2(j  +  i) 


6  (3KT)  2 


4tr  + 


3  t  , 


1  +  Str)2 


(1) 


where  &px  is  the  linewidth  of  the  resonance  in  Hz  assuming 
the  primary  relaxation  mechanism  is  susceptibility  relaxa¬ 
tion  (97),  .i=  (270X2,  X  IQ-)  rad- sec-  is  the  resonant 
frequency,  gL  -  8/7  is  the  Lande  g  factor,  =  9.273  X  1 0 "  2  1 
erg.gauss-’,  is  the  Bohr  magneton,  J  =  7/2  is  the  spin  angu¬ 
lar  momentum  number,  k  =  1  .  3805  X  1  0‘’6  erg.-R",  is  the  Bo- 
ltzman  constant,  T  is  the  temperature  in  degrees  Kelvin,  and 
r  is  the  distance  in  cm  between  the  shifted  proton  the  the 
lanthanide  ion.  From  this  relationship,  one  can  calculate  r. 
Before  one  can  assume  that  the  broadening  resulted  solely 
from  proximity  to  the  metal  ion,  however,  the  other  two 
sible  source  of  broadening  must  be  probed. 


pos- 


204 


The  second  possibility  was  that  the  protein  was  aggre¬ 
gated.  Previous  sedimentation  equilibrium  studies  (234,235) 
had  shown  that  aggregation  does  occur  at  high  protein  con¬ 
centrations.  In  order  to  probe  this  system  for  the  likely- 
hood  of  aggregation,  we  chose  to  tackle  this  aspect  by  in¬ 
creasing  the  ionic  strenth  of  the  solution  via  increasing 
the  concentration  of  KC1,  as  shown  in  Figure  IX. 2.  Both  KC1 
and  NaCl  have  been  shown  to  exert  minimal  effects  on  the 
ability  of  bovine  ICaBP  to  bind  calcium  over  the  range  0.01 
to  0.2  M  (221).  The  spectra  indicated  that  there  were  only 
very  small  chemical  shift  changes  in  the  LSR  as  the  ionic 
strength  increased.  The  resonances  c,  e,  g,  h,  y,  and  z 
shifted  upfield,  while  resonances  v  and  x  shifted  downfield. 
The  remaining  labelled  resonance  d,  i,  and  w  were  not  af¬ 
fected.  It  was  apparent  that  the  single  resonance  g  and  the 
C,d  and  x,y  resonance  pairs  separate  into  a  doublet  and  into 
two  separate  resonances  respectively  upon  increasing  the  KC1 
concentration.  These  slight  shifts  indicated  that  only  very 
small  structural  variations  occurred  as  the  KC1  concen¬ 
tration  increased,  and  there  was  no  general  decrease  in  the 
linebroadening.  It  must  be  noted  here  that  lanthanide- 
-shifted  resonances  are  very  sensitive  to  even  the  slightest 
alterations  in  the . st rue ture  of  the'  protein;  changes  less 
than  an  A  in  magnitude  would  perturb  these  shifts  to  a  very 
large  extent.  These  results  implied  that  no  aggregation  of 
the  protein  had  occurred,  at  least  of  the  type  which  could 
be  reversed  at  a  high  concentration  of  salt.  The  absence  of 
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Figure  lx. 2  The  titration  of  Ybf 1 -subst i tuted  ICaBP  with  KC 1 .  The  sample  was  0.89  mM  ICaBP  in  30  mM  imidazole- 

20  mM  KC1,  pH  6.5.  The  Yb+3/ICaBP  ratio  was  0.91  for  A  to  D,  and  was  2.1  for  E  The  KC 1  concentrations  were 
0.02  M;  B,  0.1  M;  C,  0.3  M;  D  and  E,  0.5  M.  The  LSR  are  labelled  as  in  Figure  IX. 1. 
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such  shifts  indicates  that  the  affinity  of  ICaBP  for  Yb+ 3 
was  not  affected  by  the  increase  in  ionic  strength.  Note 
that  the  addition  of  a  second  equivalent  of  Yb+ 3  at  high 
salt  concentration  (Figure  IX. 2E)  did  not  appear  to  signifi¬ 
cantly  affect  the  LIS,  except  that  the  c,  d,  g,  x,  and  y 
resonances  appeared  to  be  more  clearly  resolved.  By  analogy 
with  the  Tb+3  binding  studies  on  porcine  ICaBP  (227),  this 
suggests  that  the  high  salt  concentration  hindered  the  bind¬ 
ing  of  the  second  equivalent  of  Yb+ 3  to  the  protein.  These 
results  suggest  that  either  the  coordination  of  the  lan¬ 
thanide  to  the  second  binding  site  of  the  protein  resulted 
in  no  further  change  in  the  overall  structure  of  the  protein 
or,  more  likely,  that  the  presence  of  calcium  (8,22)  and/or 
KC1  (227)  prevented  the  coordination  of  the  second  equival¬ 
ent  of  Yb+  3  . 

The  third  possibility  was  that  the  system  was  subject 
to  chemical  exchange  broadening,  whereby  the  process 

Yb+  3  +  P-Ca +  2  P"Yb+3  +  Ca+2 

is  not  in  the  slow  exchange  limit.  This  possibility  seemed 
unlikely  in  view  of  the  fact  that  ICaBP  had  previously  been 
shown  to  bind  calcium  in  the  slow  exchange  limit,  and  one 
would  expect  ytterbium,  which  has  an  ionic  radius  similar  to 
calcium  and  yet  has  a  valency  of  +3,  to  bind  more  tightly  to 
the  protein  and  thus  a], so  bind  in  the  slow  exchange  limit; 
this  situation  was  previously  observed  with  parvalbumin 


207 


(97).  In  addition,  if  chemical  exchange  broadening  were  pre¬ 
sent,  one  would  expect  all  of  the  lanthanide-shifted  reson¬ 
ances  to  be  broadened  to  the  same  extent  and  it  was  apparent 
from  the  spectra  (Figure  IX. 1)  that  they  were  not.  To  probe 
the  possibility  of  chemical  exchange  broadening,  spectra 
were  acquired  as  a  function  of  increasing  temperature,  as 
shown  in  Figure  IX. 3.  Fortunately,  as  was  the  case  with 
parvalbumin  (98),  this  protein  is  stable  at  high  tempera¬ 
tures  (26,124).  As  one  increases  the  temperature  the  ex¬ 
change  rate  increases,  as  outlined  in  Chapter  II.  The  rota¬ 
tional  correlation  time  rR  also  increases,  as  indicated  by 
the  Stokes-Einstein  equation, 

rD  =  47T7?r3 

- -  (2) 

3kt 

where  T  is  the  temperature,  K  is  the  Boltzman  constant,  r\  is 
the  viscosity  coefficient,  and  r  is  the  radius  of  the  pro¬ 
tein.  In  the  case  of  Yb+ 3 -subst i tuted  porcine  ICaBP,  the  in¬ 
crease  in  the  temperature  caused  the  lanthanide-shifted  res¬ 
onances  to  shift  upfield  towards  the  diamagnetic  position, 
which  indicated  that  we  were  initially  in  the  slow  exchange 
limit.  The  large  shift  of  the  resonances  as  a  function  of 
temperature  is  due  either  to  averaging  of  the  4 f  electrons 
over  the  spin  states  of  the  metal  ion,  or  to  the  motional 
averaging  of  residues  in  the  protein.  The  c,d  and  x,y  reson¬ 
ance  pairs  again  were  separated,  as  was  observed  in  the  case 
of  increasing  ionic  strength  (Figure  IX. 2).  This  increase  in 
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Figure  IX. 3  The  effect  of  increasing  temperature  on  the  LIS  of  Yb ‘ subs t i tu ted  ICaBP.  The  sample  was  1.01 

the  same  buffer  as  outlined  in  Figure  VI  1 1. 2,  and  the  Yb+:i/ICaBP  ratio  was  2.04.  The  temperatures  for'  each 
ctra,  in  degrees  Kelvin,  were:  A,  277;  B,  287;  C,  299;  D,  319;  E,  329.  These  three  sets  of  spectra  were  sc 
different  values  for  clarity;  the  relative  peak  heights  are  shown  in  Figure  IX  1 
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temperature  did  not,  however,  result  in  further  broadening 
of  the  lines,  as  outlined  in  Chapter  II,  but  the  resonances 
became  much  sharper.  This  was  due  to  the  decrease  in  the 
correlation  time,  as  outlined  in  equation  2.  It  was  apparent 
from  these  results  that  the  lines  were  not  broadened  due  to 
chemical  exchange  broadening.  The  temperature  dependence  of 
these  shifts  is  shown  in  Figure  IX. 4  and  in  Table  IX. 1.  One 
unusual  result  obtained  from  this  data  was  that  two  of  the 
resonances  (h,w)  were  essentially  unaffected  by  increasing 
the  temperature. 

Since  the  second  and  third,  possible  sources  of  line 
broadening  appeared  to  be  ruled  out  by  the  studies  above, 
the  line  widths  of  the  lanthanide-shifted  resonances  were 
analyzed  according  to  equation  1  in  order  to  obtain  r  values 
for  the  protons  which  give  rise  to  these  shifts.  Table  IX. 2 
shows  the  calculated  values  of  the  distances  between  some  of 
the  protons  indicated  in  Figures  IX. 2B  and  IX. 3C  and  the 
Yb+3  ion.  These  were  identical  samples  except  for  the  KC1 
concentration  and  these  spectra  displayed  very  similar  line 
widths  for  the  resonances  indicated  above.  There  were  two 
assumptions  made  in  this  calculation.  The  first  that  the 
correlation  time  of  ICaBP  was  10  x  10' 9  sec.  This  value  was 
derived  from  the  known  correlation  times  of  parvalbumin  (12 
X  10'9)  sec  (236,237)  and  actin  (1.15  X  10'9  sec)  (238),  and 
the  knowledge  that  rR  is  proportional  to  the  size  (molecular 
weight)  of  the  protein,  as  outlined  in  equation  2.  The  se¬ 
cond  assumption  was  that  the  primary  relaxation  mechanism 
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Table  IX. 1 

The  Chemical  Shift  Values  for  the  LSR  of  Yb+ 3 -subst i tuted 
Porcine  ICaBP  as  a  Function  of  Temperature 


T 

(°K) 

chemical 

(ppm) 

shi  f  t 

A 

B 

F 

W 

X 

Y 

Z 

277 

_  a 

__  a 

22.5 

-10.2 

-22.5 

-19.6 

-35.5 

282 

- 

- 

22.0 

-10.1 

-22.0 

-19.2 

-34.8 

287 

- 

- 

2  1.5 

-10.2 

-21.0 

-19.0 

-33.6 

292 

- 

- 

20.5 

-10.1 

-18.7 

-18.7 

-32.2 

299 

66.5 

64.0 

20.0 

-10.0 

-18.0 

-18.0 

-30.8 

309 

59.5 

58 . 0 

19.4 

-10.2 

-15.0 

-17.5 

-28.5 

3  1  9 

52.5 

52.5 

18.4 

-10.2 

-12.0 

-17.0 

-26.0 

329 

47.5 

47 . 5 

18.0 

-10.2 

-9.5 

-16.0 

-24 . 0 

aThese  resonances  were  not  observed  at  the  lower 
temperatures . 
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Table  IX. 2 

The  Observed  Linewidths  and  Calculated  Distances 
for  the  LSR  of  Yb+ 3 -subst i tuted  Porcine  ICaBP 


LIS 

1 inewidth 
(Hz) 

r 

A 

A 

546  a 

_  b 

3 . 7  3 

_ _ b 

B 

775 

- - 

3.5 

— 

Z 

375 

356 

4.0 

4.0 

X ,  Y 

375 

260 

4.0 

4.2 

W 

261 

193 

i  ^ 

• 

1  K) 

4.5 

aValues  derived  from  the  spectra  shown  in  Figure  IX. 3C;  the 
KC1  concentration  was  20  mM. 

bValues  derived  from  the  spectra  shown  in  Figure  IX. 2B;  the 
KC1  concentration  was  100  mM. 
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Figure  IX. 4  The  plot  of  the  chemical  shifts  of  the 
LSR  of  Yb + 3 -subst i t uted  porcine  ICaBP  as  a  function 
of  1/T3.  The  data  was  taken  from  the  spectra  shown 
in  Figure  IX. 3. 
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was  susceptibility  relaxation,  given  that  rR  >  rs  (97), 
where  rs  is  the  electron  correlation  time.  The  line  widths 
were  measured  directly  from  the  spectra,  so  that  although 
the  calculations  above  are  rough,  it  appears  from  these  re¬ 
sults  that  these  shifted  protons  were  very  close  to  the  met¬ 
al  ion.  This  was  further  supported  by  other  studies  where 
Gd+3  was  added  to  the  apo  form  of  porcine  ICaBP.  In  this 
case  the  broadening  resulting  from  the  presence  of  this  iso¬ 
tropic  lanthanide  was  very  severe,  even  at  [Gd+ 3 ] 0/[ ICaBP] 0 
ratios  much  less  than  1.  In  these  studies  also  the  lan¬ 
thanide  bound  in  the  slow  exchange  limit. 

Figure  IX. 5  shows  a  portion  of  the  spectrum  of  ICaBP  as 
a  function  of  the  concentration  of  Yb+3.  What  we  observe 
here  is  an  increase  in  the  intensity  of  the  erg,h,  i  and  j 
resonances  and  of  the  c,d  resonance  pair  as  a  function  of 
increasing  ytterbium  concentration,  with  the  g  and  h  reson¬ 
ances  becoming  clearly  resolved  into  doublets.  These  reson¬ 
ances  could  be  saturated  without  any  observable  change  in 
their  chemical  shift  value,  indicating  again  that  we  were  in 
the  slow  exchange  limit.  The  effects  of  proceeding  from  a 
Yb+3/lCaBP  ratio  of  1.57  to  2.37  appeared  to  be  negligible, 
again  suggesting  that  the  protein  bound  only  one  equivalent 
of  ytterbium  in  the  presence  of  excess  calcium,  since  the 
binding  of  the  second  ytterbium  ion  had  no  significant  ef¬ 
fect  on  the  resonances  of  the  protein.  A  plot  of  the  inten¬ 
sity  of  the  19.9  ppm  resonance  as  a  function  of 
[ Yb+ 3 ] 0/[Ca + 2-ICaBP] o  is  shown  in  Figure  IX. 6,  and  a 
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Figure  IX. 5  The  titration  of  Ca + 2 -saturated 
with  Yb +  3 .  The  LIS  in  the  range  of  30  ppm 
are  shown.  The  Yb+3/lCaBP  ratios  were:  A, 
1.57;  C ,  2.37;  and  D,  3.15.  The  sample  was 
ICaBP,  30  mM  imidazole-d 4 ,  20  mM  KC1,  pH  6 
spectra  represent  50,000  acquisitions. 
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computed  value  for  the  relative  dissociation  constant 
K  d - Yb +  3/Kd-Ca+  2  =  0.18±0.31  was  determined.  The  inaccuracy 
in  this  value  likely  arises  from  the  lack  of  points  used  in 
the  determination,  as  well  as  the  low  Kd  values  involved. 

The  apo  protein  was  also  titrated  with  the  diamagnetic 
lanthanide  ion  Lu+3,  as  shown  in  Figure  IX. 7.  The  spectra 
indicate  that  Lu+ 3  binds  to  porcine  ICaBP  in  the  slow  ex¬ 
change  limit.  Up  to  a  Lu+3/lCaBP  ratio  of  1,  the  change  in 
the  spectrum  of  the  apo  protein  was  like  that  observed  for 
Ca+2  (Figure  VI I . 9 ) .  At  Lu+3/lCaBP  ratios  of  >1  there  was  no 
further  change  in  the  spectrum,  aside  from  a  general  broa¬ 
dening  of  all  of  the  resonances,  resulting  in  a  net  decrease 
in  their  intensity.  This  was  apparent  in  both  the  aromatic 
region  and  the  aliphatic  region,  as  can  be  seen  in  the 
upf ield-shi f ted  methyl  resonances.  This  broadening  was  very 
small  from  1  to  2,  but  at  larger  ratios  the  entire  spectrum 
began  to  broaden  significantly,  and  the  sample  itself  became 
quite  viscous,  although  it  remained  clear.  The  decrease  in 
the  intensity  of  the  phenylalanine  envelope  as  a  result  of 
the  broadening  in  these  resonances  can  be  most  easily  ob¬ 
served  in  Figure  IX. 8.  These  results  agreed  with  those  ob¬ 
tained  from  the  KC1  titration  of  Yb+ 3 -subst i tuted  ICaBP  in 
that  they  indicate  that  no  significant  aggregation  occurred 
when  one  equivalent  of  lanthanide  ion  is  bound  to  the  pro¬ 
tein.  A  plot  of  the  change  in  the  area  under  the  upfield- 
-shifted  phenylalanine  resonance  at  7.01  ppm  as  a  function 
of  [ Lu+ 3 ] 0/[ I CaBP ] o  yields  the  data  shown  in  Figure  IX. 9. 
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Figure  IX. 6  The  plot  of  the  change  in  intensity  (in  arbitrary  units)  of  resonance  j  at  9.78  ppm  versus 

[ Yb+ ’ ] 0 / [ ICaBP ] 0  for  the  Ybt3  titration  of  Ca + ? -saturated  porcine  ICaBP  The  data  was  taken  from  the  spectr 
shown  in  Figure  IX. 5. 
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Figure  IX. 7  Titration  of  apo  ICaBP  with  Lu+3.  The 

sample  was  0.54  mM  ICaBP,  15  mM  Pipes,  20  mM  KC1  dH 
6.5.  The  [Lu+ 3 ] 0/[lCaBP] o  values  were:  A,  0.00*  B  ^ 
0.54;  C,  0.98;  D,  1.52;  E,  1.98;  F,  4.85.  The  spe: 
ctra  represent  8320  acquisitions  and  are  resolution 
enhanced  with  a  Lorentzian  to  Gaussian  conversion. 
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Figure  IX. 8  A  plot  of  the  intensity  (in  arbitrary  un¬ 
its)  of  the  7.17  ppm  resonance  of  phenylalanine  as  a 
function  of  [Lu+ 3 ] 0/[ ICaBP] 0 .  The  data  was  taken 
from  the  spectra  shown  in  Figure  IX. 7. 
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Figure  IX. 9  A  plot  of  the  change  in  area  (in  arbitrary  units)  of  the  7.01  ppm  resonance  of  pheny 1  a  1  an i ne  as  a 

function  of  [ Lu + 1 ] 0 / [ I CaBP ] 0 .  The  resonance  was  integrated  over  the  range  of  7.04  to  6.93  ppm  The  change  in  area 
was  calculated  as  Amax  ~  Aobs  where  Amax  corresponded  to  the  spectrum  with  a  Lu/ICaBP  ratio  of  1.34,  which  had 
the  maximum  observed  intensity. 


220 


The  fit  of  this  data,  assuming  the  apo  protein  binds  two 
moles  of  lutetium  per  mole  of  protein  and  Kd  ,  <  Kd2  is  also 
shown.  The  resulting  computed  values  were  Kd1=  4.9±6.7  x 
1 0 ' 6  M  and  Kd2=2.3±1.2  x  10"4  M.  The  value  of  Kd2  agrees 
fairly  well  with  the  results  of  other  studies  (227),  but  it 
was  apparent  that  Kd ,  was  too  small  to  be  accurately  deter¬ 
mined  by  'H  NMR  in  this  manner,  as  outlined  in  Chapter  VIII. 

C.  Discussion 

Porcine  ICaBP  binds  lanthanide  ions,  as  displayed  above 
for  both  Yb+ 3  and  Lu+ 3 .  The  temperature  studies  on  Yb+ ^sub¬ 
stituted  ICaBP  studies  verified  that  the  binding  of  lan¬ 
thanide  ions  is  in  the  slow  exchange  limit. 

The  results  of  the  addition  of  Lu+ 3  to  the  apo  protein 
showed  clearly  that  apo  porcine  ICaBP  binds  two  moles  of 
lanthanide.  In  addition,  the  first  mole  equivalent  of  Lu+ 3 
affected  the  'H  NMR  spectra  in  virtually  the  same  manner  as 
that  observed  for  the  addition  of  2  equivalents  of  Ca+2, 
indicating  that  the  binding  of  metal  ions  by  one  site  on  the 
protein  is  responsible  for  the  majority  of  the  spectral 
changes  observed.  The  similarity  in  these  two  effects  also 
shows  that  these  two  ions  bind  to  the  protein  in  a  similar 
manner.  This  situation  differs  sharply  with  the  CD  results 
shown  for  the  binding  of  Ca+2  and  Yb+ 3  to  rabbit  skeletal 
DTNB  LC ,  as  outlined  in  Chapter  V.  It  was  readily  apparent 
that  the  binding  of  Lu+3  to  ICaBP  does  not  result  in  sig¬ 
nificant  broadening  of  the  spectra  until  the  ratio  of 
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lan than ide/l CaBP  is  greater  than  two.  The  overall  broadening 
of  the  spectrum  after  this  point  is  likely  due  to  aggre¬ 
gation,  as  evidenced  by  the  fact  that  the  sample  became 
fairly  viscous  after  this  point.  In  addition,  it  appeared 
that  the  binding  of  the  second  Lu+3  ion  did  not  perturb  the 
system  further,  but  it  did  seem  to  stabilize  it  towards  ag¬ 
gregation,  likely  by  simply  binding  the  excess  lanthanide. 

It  is  interesting  to  note  that  several  investigations  have 
shown  that,  for  the  apo  protein,  the  presence  of  greater 
than  or  ca.  equal  to  stoichiometric  levels  of  Tb+ 3  results 
in  anomalous  data  and/or  aggregation  of  both  porcine  ICaBP 
(227)  and  other  CaBP's  such  as  calmodulin  (239)  and  parv- 
albumin  (240).  It  is  possible  that  aggregation  is  the  source 
of  the  anomalous  data,  or  it  could  be  due  to  non-specific 
binding  of  excess  lanthanide,  as  was  observed  for  calcium  in 
Chapter  VII.  The  value  of  Kd2  determined  for  the  Lu+3  titra¬ 
tion  was  larger  than  that  of  Ca + 2  (kp,  Chapter  VIII),  while 
the  value  of  Kd ,  appeared  to  be  <  kp .  These  observations 
differ  from  the  results  reported  for  the  apo  bovine  protein 
(39).  Such  a  discrepancy  would  appear  to  be  unlikely  in  view 
of  the  high  sequence  homology  between  these  two  proteins. 

Our  values  do,  however,  agree  fairly  well  with  the  recently 
determined  values  for  the  binding  of  Tb+ 3  to  porcine  ICaBP 
(  227  )  . 

The  results  of  the  addition  of  Yb+ 3  to  the  calcium-sa¬ 
turated  protein  indicated  that  the  presence  of  a  second  mole 
equivalent  of  this  lanthanide  had  no  effect  on  the  spectrum. 
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From  the  apo  protein  Kd2  value  determined  for  Lu+ 3 ,  it  is 
likely  that  this  second  equivalent  of  lanthanide  would  not 
be  able  to  bind  to  the  protein  in  the  presence  of  stoichio¬ 
metric  amounts  of  calcium,  such  that  the  lanthanide-shifted 
resonances  which  we  studied  were  due  solely  to  the  replace¬ 
ment  of  the  calcium  at  the  first  site.  This  conclusion  is 
also  supported  by  the  studies  where  the  second  mole  equival¬ 
ent  of  Yb+3  added  to  the  calcium-saturated  protein  at  both 
high  (0.5  M) (Figure  IX. 2)  and  low  (20  mM)  (Figure  IX. 3)  con¬ 
centrations  of  KC1  had  little  effect  on  the  spectra,  par¬ 
ticularly  in  light  of  the  fact  that  an  increase  in  the  salt 
concentration  has  been  shown  to  decrease  the  affinity  of  the 
second  site  for  Tb+3  in  the  apo  protein  (227).  In  addition, 
there  was  no  evidence  of  aggregation  in  the  presence  of  ex¬ 
cess  Yb+3,  which  was  evident  in  the  apo  protein  results  when 
the  [Lu+ 3 ] 0/[ ICaBP] o  was  greater  than  1.  As  outlined  pre¬ 
viously,  the  chemical  shifts  and  line  widths  of  LSR  are  ex¬ 
tremely  susceptible  to  changes  in  the  environment,  and  ag¬ 
gregation  would  perturb  these  resonances  to  a  much  larger 
degree  than  would  be  observed  in  the  case  of  a  diamagnetic 
metal-protein  complex.  It  appears  that  the  presence  of  Ca+2 
in  the  second  site  of  the  protein  (and/or  non-spec i f ically 
bound  Ca+2)  stabilized  the  protein  against  aggregation.  From 
the  relative  dissociation  constants  determined,  it  was  ap¬ 
parent  that  Yb+3  has  a  higher  affinity  than  Ca + 2 
first  site. 
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The  temperature  dependence  of  the  lanthanide-shifted 
resonances  is  peculiar,  but  not  unique  in  that  it  has  also 
been  observed  for  parvalbumin  (98).  There  has  been  consider¬ 
able  controversy  over  the  form  of  the  temperature  dependence 
of  lanthanide-induced  dipolar  shifts  (98,  and  references 
therein)  and  they  centre  on  which  terms  dominate  the  series 

Sobs  -  SD  =  I  a n/Tn  (3) 

n 

where  Sobsis  the  observed  chemical  shift  of  the  resonance  in 
the  presence  of  the  lanthanide  ion,  <5  D  is  the  corresponding 
diamagnetic  shift  for  that  resonance,  and  a  is  a  constant. 
Figure  IX. 4  plots  the  change  in  chemical  shift  of  the  LSR 
versus  1/T3  since,  for  the  majority  of  the  resonances,  simi¬ 
lar  plots  versus  1/T  and  1/T2  had  intercepts  which  were  out¬ 
side  of  the  diamagnetic  frequency  spectrum  for  the  protein. 
However,  due  to  the  close  proximity  of  the  protein  residues 
to  the  lanthanide  ion  in  this  study,  we  can  not  rule  out  the 
influence  of  contact  components  of  the  observed  LSR,  which 
could  greatly  influence  their  temperature  dependence.  Such  a 
compensating  factor  could  explain  the  lack  of  a  temperature 
dependence  of  h  and  iv. 

It  appears  from  the  Yb+3  and  Lu*3  titrations  that  there 
is  no  great  conformational  change  when  lanthanides  bind  to 
porcine  ICaBP,  but  that  several  of  the  protons  of  the  pro¬ 
tein  may  be  brought  into  very  close  proximity  to  the  lan¬ 
thanide  ion  when  it  binds,  as  indicated  by  the  broadening  of 
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the  Yb+3~shifted  resonances.  The  results  above  have  led  us 
to  conclude  that  the  LIS  were  likely  broadened  more  than 
those  of  parvalbumin  because  they  were  closer  to  the  metal 
ion.  By  comparison  of  the  Yb+ 3  and  Lu+3  spectra,  it  appeared 
to  be  unlikely  that  the  broadening  of  the  resonances  ob¬ 
served  in  the  former  case  arose  from  aggregation  as  broaden¬ 
ing  in  the  apo  protein  spectrum  was  only  apparent  at 
[Lu+ 3 ] 0/[ ICaBP] o  ratios  greater  than  1,  and  it  has  been 
shown  that  only  one  equivalent  of  Yb+  3  was  bound  to  the 
calcium-saturated  protein.  In  addition,  increasing  the  KC1 
concentration  had  no  significant  effects  upon  the  spectra  of 
the  LIS,  indicating  that  the  protein  did  not  aggregate  in 
the  presence  of  excess  Yb+  3 . 

The  use  of  the  LIS  and  line  widths  of  the  LSR  in  prob¬ 
ing  the  structure  of  the  protein  will  have  to  await  further 
residue  assignments  and  clarification  of  the  present  X-ray 
crystal  structure. 


CONCLUDING  DISCUSSION 


The  scope  of  the  work  outlined  in  this  thesis  is  quite  di¬ 
verse  and,  since  each  section  carries  a  fairly  thorough  dis¬ 
cussion  of  the  salient  points  for  that  particular  system, 
there  will  be  no  further  conclusions  made  here.  Rather,  I 
will  attempt  to  compare  some  of  the  similarities  and  differ¬ 
ences  between  these  systems  and  outline  several  proposals 
for  future  work. 

A.  Highlights  of  the  Studies  on  CaBP  and  Peptides 

The  results  of  the  lanthanide  titrations  of  Ac-asp  and 
Ac-DGD-amide  highlight  the  fact  that  the  magnitude  of  con¬ 
tact  shifts  may  not  always  be  assumed  to  be  negligible  for 
'H  NMR,  so  that  one  must  be  careful  when  analysing  LIS  in 
terms  of  structural  aspects.  This  was  particularly  true  for 
these  studies  as  the  peptides  are  small  ligands  and  so  most 
of  the  protons  were  very  close  to  the  paramagnetic  metal  ion 
centre  in  the  lanthanide-peptide  complexes.  The  peculiar 
temperature  dependencies  of  the  LSR  of  Yb+ 3 -subst i tuted  por¬ 
cine  ICaBP  may  reflect  the  presence  of  a  sizeable  contact 
shift  contribution  to  these  shifts,  which  we  have  shown  to 
arise  from  protons  which  were  in  close  proximity  to  the  met¬ 
al  centre. 

The  peptide  studies  indicated  that  Yb+3  was  the  best 
calcium  analogue  for  structural  studies  of  calcium  binding 
sites  on  the  basis  of  the  ’H  NMR  spectral  characteristics  of 
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the  LIS.  However,  the  CD  work  on  the  DTNB  LC  indicated  that 
Yb+3  is  net  the  best  calcium  analogue  for  this  particular 
protein  because  it  has  a  far  different  effect  on  the  overall 
conformation  of  the  protein  than  does  Ca + 2 .  By  comparison, 
the  diamagnetic  lanthanide  Lu+3  had  a  very  similar  effect  to 
calcium  on  the  'H  NMR  spectrum  of  porcine  ICaBP.  These  two 
results  indicate  that  it  is  advisable  to  study  the  effect  of 
the  diamagnetic  lanthanides  on  the  NMR  spectra  of  CaBP  and 
to  use  other  methods  in  conjunction  with  NMR  to  assess  the 
effects  of  the  paramagnetic  and  diamagnetic  lanthanides  on 
the  overall  conformation  of  the  protein  being  studied,  in 
order  to  compare  the  effects  of  these  analogues  to  those  in¬ 
duced  by  calcium. 

The  studies  on  the  SlOOb  protein  have  pointed  out  that 
if  the  protein  concentration  is  similar  to  the  Kd ,  then  an 
excess  of  calcium  is  needed  to  saturate  the  protein  and 
stoichiometry  can  not  be  determined  directly.  In  addition, 
one  must  be  aware  of  the  possibility  of  protein  denaturation 
when  a  tyrosine  ionizes  at  an  unusually  high  pKa  value,  and 
that  abnormalities  in  the  pH  titration  results  of  other  pro¬ 
tein  residues  such  as  his  are  indicative  of  more  than  a 
simple  deprotonation  of  these  residues. 

The  ICaBP  results  have  indicated  that  an  unusually  high 
pK  for  a  tyrosine  does  not  necessarily  mean  that  the  resi¬ 
due  is  buried  within  the  protein  core.  The  Lu+3  and  Yb+ 3 
studies  have  shown  that,  although  lanthanides  can  still  bind 
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to  ICaBP  in  the  presence  of  Ca + 2 ,  they  will  substitute  for 
only  one  of  the  bound  calcium  ions  in  this  protein.  The  Lu+ 3 
studies  have  shown,  as  previously  outlined,  that  it  is 
essential  to  obtain  diamagnetic  lanthanide  spectra  on  the 
protein  of  interest  prior  to  analyzing  any  paramagnetic  spe¬ 
ctra,  in  order  to  compare  the  spectral  changes  with  those 
induced  by  calcium.  It  is  also  important  to  obtain  these 
spectra  in  order  to  observe  any  anomolous  effects  due  to 
lanthanide  coordination,  such  as  aggregation.  The  aggre¬ 
gation  observed  for  CaBP  in  the  presence  of  lanthanides  is 
reminiscent  of  the  problems  that  we  encountered  when  protein 
precipitation  was  evident  upon  the  addition  of  Yb+ 3  to  the 
SI  subfragment  of  rabbit  skeletal  myosin  (Chapter  I).  The 
calcium  titration  of  porcine  ICaBP  in  the  presence  of  EDTA 
has  yielded  information  about  the  mode  of  calcium  binding 
{i.e.  non-cooperative)  in  this  protein,  which  has  been  a 
very  controversial  subject  for  the  calcium  coordination  of 
other  CaBP. 

B.  Possible  Future  Studies 

The  binding  of  lanthanides  by  peptides  could  be  ex¬ 
panded  to  include  1 3C  NMR  in  order  to  obtain  additional  in¬ 
formation  on  the  magnitudes  of  the  contact  and  dipolar 
shifts  induced  by  the  coordination  of  lanthanides  by  these 
peptides . 

The  DTNB  light  chain  CD  results  could  be  further  probed 
by  using  'H  NMR  to  monitor  the  titration  of  the  protein  with 
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the  diamagnetic  lanthanides  La+3  and  Lu+3  in  order  to  com¬ 
pare  the  spectral  changes  observed  by  the  addition  of  the 
two  lanthanides  which  are  at  the  extreme  ends  of  the  lan¬ 
thanide  series  and  to  probe  for  the  possibility  of  aggre¬ 
gation  arising  from  the  presence  of  one  or  both  of  these 
lanthanides.  It  would  be  beneficial  to  carry  out  these  stu¬ 
dies  on  fresh  protein  which  has  a  normal  Kd  for  calcium  as 
well  as  a  known  phosphorylation  state,  and  to  do  them  in 
both  the  presence  and  absence  of  a  sulfhydryl  reducing  agent 
such  as  yS-mercaptoe thanol  or  DTT. 

With  a  protein  like  SlOOb,  which  responds  to  so  many 
external  stimuli,  there  is  virtually  an  unlimited  number  of 
experiments  which  can  be  proposed  to  probe  the  nature  of 
these  responses.  For  example,  the  effect  of  KC1  upon  the 
binding  of  Ca + 2  at  pH  our  intial  work  in  the  absence  of  KC1, 
since  Ca+2,  K+ ,  and  pH  all  modify  the  properties  of  the  pro¬ 
tein.  It  would  be  particularly  interesting  to  look  at  the 
effect  of  hydrophobic  probes  such  as  TNS  and/or  ANS  and 
drugs  such  as  chlorpromaz ine  on  the  conformation  of  this 
protein,  as  well  as  the  effects  of  sulfhydryl  reducing  rea¬ 
gents  on  the  response  of  the  protein  to  metal  ions  and  other 
stimuli.  Along  with  the  studies  on  purified  SlOOb  protin, 
there  could  be  analogous  ’H  NMR  studies  on  purified  SlOOa, 
which  have  already  been  initiated.  There  is  also  the  possi¬ 
bility  of  carrying  out  some  similar  studies  on  the 
SlOOa  +  SlOOb  mixture,  thus  there  is  a  great  deal  of  work 
which  needs  to  be  done  on  both  the  isolated  components  of 
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this  system  and  on  the  protein  mixture  before  a  general  out¬ 
line  of  the  function  of  this  protein  could  be  proposed. 

The  porcine  ICaBP  will  shortly  be  titrated  with  Yb+ 3  in 
both  the  presence  and  absence  of  Ca + 2  in  order  to  better  de¬ 
fine  and  clarify  our  present  results,  and  with  Lu+ 3  in  the 
presence  of  Ca+2  to  expand  upon  our  apo  protein  titration 
results,  particularly  with  regards  to  the  effect  of  the  pre¬ 
sence  of  calcium  upon  lanthan ide- induced  aggregation.  The 
sequential  binding  of  lutetium  to  the  two  binding  sites  on 
the  protein,  as  well  as  the  replacement  of  only  one  calcium 
ion  by  the  lanthanide  Yb+3  could  allow  one  to  set  up  fairly 
simple  conditions  under  which  to  look  at  the  binding  of  oth¬ 
er  lanthanides,  such  as  Gd+ 3 ,  specifically  to  either  one  of 
these  sites.  It  would  be  of  great  interest  to  titrate  this 
protein  with  1 1 3Cd  and/or  4SCa  and  to  use  the  resulting  NMR 
spectra  of  these  nuclei  to  determine  if  the  binding  of  dima- 
gnetic  metal  ions  by  this  protein  is  random  or  sequential. 
These  results  could  then  be  compared  to  those  observed  for 
the  sequential  binding  of  the  trivalent  lanthanide  Lu+ 3  in 
which  it  appeared  that  the  binding  of  the  second  Lu+3  equiv¬ 
alent  was  spectroscopically  "silent".  Finally,  it  would  be 
very  instructive  to  carry  out  a  calcium  titration  in  the 
presence  of  EDTA  on  a  CaBP  which  is  believed  to  bind  calcium 
in  a  cooperative  manner,  in  order  to  establish  if  our  tech¬ 
nique  is  generally  suitable  for  probing  this  aspect  of  metal 
ion  binding  by  CaBP  in  general. 
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There  is  an  abundance  of  experiments  to  be  done  and  a 
wealth  of  information  to  be  derived  from  the  results  of 
these  expermients,  which  would  further  the  knowledge  that  we 
presently  hold  for  both  the  CaBP  outlined  in  this  thesis, 
and  for  CaBP  in  general. 
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